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Abstract 
Germplasm exploration and phenotyping in Trifolium species for the 
improvement of agronomic traits and abiotic stress tolerance 
 
by 
Lucy Marie Egan 
 
Trifolium is the most important pastoral legume genus for temperate agriculture. However, there has 
been little effort into characterising variation in Trifolium accessions. A series of studies utilising 
pedigree and genomic data were conducted to analyse variation in Trifolium accessions in the Margot 
Forde Germplasm Centre and in white clover breeding populations. Pedigree analysis experiments 
were designed to develop pedigree maps, calculate inbreeding and kinship coefficients, calculate the 
effective number of founders and identify influencing founders and ancestors for Trifolium repens 
(white clover), Trifolium pratense (red clover), Trifolium arvense, Trifolium ambiguum, Trifolium 
dubium, Trifolium hybridum, Trifolium medium, Trifolium subterraneum and Trifolium repens x 
Trifolium occidentale interspecific hybrids. 
One of the earliest parental white clover accessions identified was ‘North Canterbury Type I’ from 
1941. The Type 1 phenotype influenced the population structure of all white clover accessions in the 
genebank. The relatedness and inbreeding coefficients revealed distinct germplasm pools formed 
across time that are of interest to pre-breeding efforts. One germplasm pool contained the majority of 
commercial white clover cultivars, of which they had similar phenotypes.  
Inbreeding in red clover remained stable in the last three decades, and a relationship between 
inbreeding and new introductions into the collection was found (r = 0.62). Founding accessions were 
classed into three phenotype groups; English Broad, English Giant Hybrid and Cotswald Broad. The 
first synthetic form was identified from parental accessions from English Broad and English Giant 
Hybrid.  
 iii 
Within the minor Trifolium species, kinship levels remained below 8%, and no inbreeding was found. 
T. ambiguum and T. medium had the highest cumulative kinship across the decades. The Australian 
cultivar ‘Monaro’ had a strong influence over all of the studied accessions in T. ambiguum.   
Two genome-wide associations studies were designed to test for phenotype-genotype associations. 
The Mainstay panel had 242 white clover half-sib families, and the Genetic Gain panel had 80 white 
clover cultivars. The Mainstay panel had stolon density and growth score phenotype data. In contrast, 
the Genetic Gain panel had yield, clover content, seed yield, flowering duration, the peak number of 
flowers, leaf size, seed per head, leaf marking, cyanogenesis, normalised transpiration rate and the 
fraction of transpirable soil water phenotype data. Population structure was identified in the Mainstay 
panel (k=2), but no subpopulation divergence was present in the Genetic Gain panel. Both panels had 
rapid linkage disequilibrium decay. A marker-trait association was identified in the Genetic Gain panel 
for cyanogenesis. However, when the marker was tested against the marker dosage, it was not 
significant. The results of the genome-wide association studies emphasise the highly variable and 
heterozygous nature of white clover populations and cultivars.  
Keywords: Trifolium, white clover, red clover, breeding, forage, pedigree, relatedness, inbreeding, 
founders, germplasm, pre-breeding, ancestors, transpiration, drought, white clover, normalised 
transpiration rate, fraction of transpirable soil water, genome-wide association, population structure.
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1.1 The Trifolium genus 
Trifolium is the most important pastoral legume genus to New Zealand agriculture (Caradus, et al., 
1989a, Caradus, et al., 1996c). Approximately 250 species comprise Trifolium, but only ten Trifolium 
species are economically important in agricultural systems (Zohary, et al., 1984). White clover 
(Trifolium repens) is the most important pastoral legume in temperate regions of the world and is the 
most common pastoral legume in New Zealand (Caradus, et al., 1996c, Haynes, 1980). Economically, 
white clover is vital to New Zealand pastures (Caradus, et al., 1996c), and the economic benefit is 
reflected in the large investment into research and breeding. Breeding programmes for white clover 
have been present in New Zealand since the 1920s and have been successful in producing a broad 
portfolio of cultivars (Bouton, et al., 2005).  
Red clover (Trifolium pratense) is less prominent than white clover in New Zealand and is often used 
as silage and hay or, is mixed with white clover in a pastoral system (Cassileth, 2010, Kemp, et al., 
1999). The major benefit of red clover compared to white clover is the increased performance in areas 
prone to drought (Riday, 2010, Vaseva, et al., 2011). Red clover breeding has been present in New 
Zealand since the 1930s (Grasslands Division, 1971, Wratt, et al., 2015) and the introduction of 
increased ploidy has been instrumental in developing cultivars with increased performance (Taylor, et 
al., 1985, Taylor, et al., 1996b). 
While white and red clover are the two most dominant species in temperate pastures, other Trifolium 
species such as T. ambiguum, T. arvense, T. dubium, T. hybridum, T. medium and T. subterraneum are 
often used for research purposes. They have been a source of variation for pre-breeding and 
interspecific hybridisation with white clover (Ellison, et al., 2006). Interspecific hybrids (ISH) 
between T. repens and T. occidentale, T. uniflorum and T. ambiguum have been successful in 
developing hybrids with superior performance to white clover in marginal climates (Abberton, et al., 
1998, Nichols, et al., 2014c, Nichols, et al., 2015). 
1.2 Germplasm centres and pre-breeding 
Germplasm centres are vital to plant breeding efforts worldwide. They are defined as a centre designed 
to conserve large amounts of genetic diversity by storing germplasm (Williams, 2000). The 
germplasm contained, usually seeds, are from populations that are genetically diverse and are 
beneficial for plant breeding and conservation programmes (Ghimiray, et al., 2017). The Margot Forde 
Germplasm Centre (MFGC) is New Zealand’s national genebank for grassland plants and contains 
seeds from 1800 species collected from over 100 countries (Egan, et al., 2019a, Egan, et al., 2019b, 
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Egan, et al., 2020). There are over 74,000 Trifolium accessions held globally in genebanks, and the 
MFGC contains approximately 9% of global Trifolium accessions (FAO, 2010). 
Wild germplasm stored in genebanks are often used to introduce new traits into populations through 
hybridisation. The importance of wild and minor species to widen the gene pool has been reflected in 
increased efforts to collect and exchange germplasm around the world. However, to effectively utilise 
wild germplasm, characterisation of the germplasm is beneficial. Pre-breeding is defined as all 
activities designed to identify useful traits or genes from unadapted germplasm that can be integrated 
into breeding programmes to produce new cultivars (Sharma, 2017, Singh, et al., 2018). Without 
screening wild germplasm, it is of limited value in a breeding programme, and the lack of 
characterisation of germplasm has been attributed to the low utilisation rates of wild germplasm by 
breeders (Acquaah, 2012).  
1.2.1 Plant variation in breeding programmes 
The success of plant breeding activities is dependent on the variation present in the population. The 
imminent threat of changing climatic conditions and the need to produce cultivars to feed an ever-
growing world has increased the need to ensure variation is present in breeding populations (Acquaah, 
2012). 
Population structure and quantitative metrics concerning variation present in germplasm collections in 
major crops have been widely reported (Brazauskas, et al., 2011, Briggs, et al., 2006, Casler, 1998, 
Gorjanc, et al., 2016, McNally, et al., 2009). However, the variation within populations and genebanks 
in Trifolium is largely unknown. Variation in Trifolium and other forage species is often generated 
through the highly heterozygous and outcrossing nature of the species. Yet, the slow rate of genetic 
gain in forages such as perennial ryegrass (Lolium perenne) (Harmer, et al., 2016), Italian ryegrass 
(Lolium multiflorum Lam) (Vanwijik, et al., 1991), alfalfa (Medicago sativa L.) (Hill Jr, et al., 1988), 
and more recently in white clover (Hoyos-Villegas, et al., 2019), indicates that increasing knowledge 
about variation, relatedness and population structure in Trifolium species could aid in increasing the 
rate of genetic gain and enhance environmental adaptation.  
Pedigree analysis 
Pedigree analysis can involve generating a pedigree map, deriving quantitative metrics and visualising 
population structure from the accessions (Holland, et al., 2003). Pedigree maps allow a visual look at 
the breeding on a population level, allowing subpopulations to be identified. Phenotypic and genotypic 
information can be added to pedigrees to add depth and knowledge to aid selections (Breseghello, et 
al., 2013). Population structure can visualise clustering patterns and can be exploited in future 
breeding decisions by breeding within and between clusters (Priolli, et al., 2010). Where available, 
molecular tools are utilised in mixed models alongside the pedigrees (Janick, 2003).  
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Genome-wide association study 
A genome-wide association study (GWAS) is a study that observes a set of genetic variants and 
rapidly scans markers across the complete set of genomes to find genetic variants that are associated 
with a trait of interest. In recent years, GWAS has become applicable due to the establishment of 
genotyping pipelines and large-scale genome-wide single nucleotide polymorphism (SNP) resources 
(Byrne, et al., 2013, Hand, et al., 2012). As well as identifying marker-trait associations, GWAS can 
give a genome-level view of the variation present in the study population. In model plants, GWAS has 
provided knowledge about the allelic architecture of simple and complex traits and has accounted for 
observed phenotypic variation in some species (Atwell, et al., 2010, Biazzi, et al., 2017, Manolio, et 
al., 2009, Sakiroglu, et al., 2017, Sakiroglu, et al., 2012, Vineis, et al., 2010). 
1.3 Gaps in knowledge 
In Trifolium, there has been minimal focus on the levels of variation present in breeding populations 
(Jahufer, et al., 2013a) and population-specific patterns that have occurred due to artificial selection. 
The only published studies on pedigree analysis in Trifolium species are from this thesis (Egan, et al., 
2019a, Egan, et al., 2019b, Egan, et al., 2020), and there is only one published GWAS study in white 
clover (Inostroza, et al., 2018). Pedigree analysis allows insight into the effect that breeding decisions 
and selection have had on population structure and relatedness. At the same time, GWAS will show 
the variation on a genomic level and could identify marker-trait associations. 
1.4 Objectives 
The principal objective of this thesis was to analyse variation in Trifolium species. The following six 
objectives were identified to achieve this objective: 
Variation within a genebank: 
1. Identify population-specific patterns and calculate relatedness and inbreeding coefficients for 
white clover, red clover and related Trifolium species used in breeding programmes. 
2. Identify implications of founding accessions on Trifolium breeding programmes.  
3. Investigate variation present in Trifolium related species collections that can be utilised in pre-
breeding decisions. 
Phenotypic variation between cultivars: 
4. Establish the fraction of transpirable soil water threshold for white clover cultivars. 
Genomic tools to assess variation and phenotype-genotype relationships: 
5. Investigate the population structure of white clover populations through genomic analyses. 
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6. Use a genome-wide association study to identify marker-trait associations in white clover 
populations. 
1.5 Outline of the thesis 
The structure of the thesis is shown in Figure 1.1. Six experimental chapters, chapters 3, 4, 5, 6, 7 and 
8, are presented to address the objectives of the thesis. The key findings are summarised in chapter 9 
and the overall implications of the research are discussed. 
 




This chapter has been prepared for submission to Crop and Pasture Science. 
2.1 Introduction 
Trifolium species are the most important and valuable forage legumes in the temperate world (Russel, 
et al., 1976). The genus Trifolium includes more than 250 species, many of which have agricultural 
importance (Zohary, et al., 1984). The most widely used species within the genus are white and red 
clover. White clover is the most critical pastoral legume in temperate zones of the world. It is grown 
widely throughout pastoral systems in Europe, western Asia, North America, Australia and New 
Zealand. It is of value to agricultural pastures due to its high nutritional value and quality, persistence, 
wide climatic range of growth, high seed production and ability to fix atmospheric nitrogen (Baker, et 
al., 1987). While white clover can be grown in a wide range of climates, it is mostly grown in 
temperate mild to cold temperate climates (Frame, et al., 1986).  
White clover is an allotetraploid (2n=4x=32) perennial legume and exhibits disomic inheritance. The 
genome size is compact (1C = 1093Mb) (Bennett, et al., 2011). White clover is a recent allopolyploid, 
estimated to have arisen 13,000 to 130,000 years ago through the hybridisation of two diploid 
ancestors; Trifolium occidentale and Trifolium pallescens (Ellison, et al., 2006, Griffiths, et al., 2019, 
Williams, et al., 2012). The mating system is highly outcrossing with a gametophytic self-
incompatibility system, which develops highly heterozygous populations (Abberton, 2007, Williams, 
et al., 2012).  
Red clover is native to Europe, western Asia and north-western Africa. It is grown widely as a fodder 
crop that is used as silage and hay. Red clover is a diploid (2n=2x=14) perennial legume with a 
genome size of ~420Mb (De Vega, et al., 2015, Ištvánek, et al., 2014). Like white clover, red clover is 
almost completely self-sterile but when outcrossed, produces highly variable populations. Red clover 
cultivars can be diploid or tetraploid, and the tetraploid cultivars have been known to outperform the 
diploid cultivars in some agronomic traits (Taylor, 2008).   
Trifolium subterraneum, known as subterranean clover, is an annual forage legume species of clover 
native to north-western Europe and western Asia. Of all the annual clovers, subterranean clover has 
the highest contribution to livestock feed production (Kaur, et al., 2017). Subterranean clover is a 
mostly self-pollinating, diploid (2n = 16) species (Ghamkhar, et al., 2012, Hirakawa, et al., 2016, 
Kaur, et al., 2017).  
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Trifolium ambiguum, commonly known as ‘Caucasian’ clover, is a species native to Asia. T. 
ambiguum can be diploid (2n = 16), tetraploid (2n = 32) or hexaploid (2n = 48) (Bryant, 1974, Taylor, 
et al., 1997). Although the ploidy of the species affects some traits such as flowering date and 
persistence, the yield is unaffected (Bryant, 1974, Dear, et al., 1985).  
Trifolium arvense, Trifolium dubium, Trifolium hybridum and Trifolium medium are four Trifolium 
species which have a minor presence in pastoral systems and research. T. arvense, commonly known 
as rabbitfoot clover, is an annual clover that is native to Europe and Western Asia (Pritchard, et al., 
1988). Trifolium dubium, known as ‘Suckling clover’, is an allotetraploid (2n = 4x = 30) clover that is 
native to Europe (Bulińska-Radomska, 2000). It arose from a cross of T. campestre and T. micranthum 
(Hedlund, et al., 2003). T. hybridum, commonly known as ‘Alsike clover’, is a clover that originates 
from Europe and has established throughout temperate regions of the world (Williams, 1951). 
Trifolium hybridum is highly self-sterile (Williams, 1951). T. medium, commonly known as ‘zigzag 
clover’, is a native European perennial species with the ploidy of 2n=10x=80 (Isobe, et al., 2002, 
Merker, 1984). It is similar in appearance to red clover but with narrower leaflets and no white leaf 
markings. Trifolium medium is known to have long persistence (Choo, 1988). 
2.2 Role of Trifolium species in New Zealand pastoral systems 
2.2.1 White clover 
White clover is often described as the base legume for New Zealand’s pastoral sector. Annually, 1000-
1200 tonnes of white clover seed are sold in New Zealand, and 4500 tonnes are exported around the 
world. New Zealand has the highest global export share of white clover seed (57.5%) (Rattray, 2005). 
White clover is commonly used in a mixture with grass and is grazed in situ. It is tolerant to a range of 
grazing systems, including dairy, sheep and beef, cattle and deer, and is favourable in grazing systems 
due to the high feed value (Frame, et al., 1986). Traditionally, white clover was not used in hay or 
silage. The brittleness of the leaves, lack of bulk production and problems with producing well-
fermented silage has since been overcome by wilting, chopping and the use of acid additives (Baker, et 
al., 1987).  
The nitrogen-fixing capability of white clover is favourable in a sward as it reduces the need for 
synthetic fertilisers for the companion grasses. Crush (1987) estimated that white clover has the 
potential to fix 600-700kg N/ha/year. However, varying abiotic conditions can lower nitrogen fixation 
rates. White clover fixes approximately 1.57 million tonnes of nitrogen annually, contributing 
approximately $1.49 billion to the New Zealand economy (Caradus, et al., 1996c). 
Brown, et al. (2003) summarised the main constraints of white clover production, being (i) 
competition with grasses, (ii) competition from pests, (iii) competition from nitrogen fertiliser, (iv) 
moisture availability, (v) persistence in drought, and (vi) lower temperature thresholds. Warming 
global temperatures signifies that performance under long-term drought is one of the most severe 
 7 
constraints to white clover (Brown, et al., 2003, Macfarlane, et al., 1990b, Sheath, et al., 1990). The 
ideal growth temperature for white clover is 20-24˚C, and when the temperatures are not optimal, 
production decreases (Harris, et al., 1985). The poor performance under drought has significant effects 
on production. Studies show that white clover cultivars have fluctuating herbage yield every year in 
response to environmental stresses (Jahufer, et al., 2002, Jahufer, et al., 2013a) and has been attributed 
to poor survival through the summer drought conditions (Gillard, et al., 1989, Robinson, et al., 1976).  
2.2.2 Red clover 
Red clover is a perennial clover with a large taproot and high feed value. Red clover is not as prevalent 
as white clover in New Zealand pastoral systems, although approximately 100-150 tonnes of red 
clover seed is sold in New Zealand annually. Worldwide, it is primarily used as a fodder crop as silage 
and hay. But when used in a pastoral system, red clover is often mixed with white clover in pasture 
mixes (Cassileth, 2010, Kemp, et al., 1999). Red clover does not persist or perform well in intensive 
grazing systems and is better suited for dry summer areas where less intensive grazing systems are 
present (Kemp, et al., 1999). 
Red clover offers unique advantages when compared to white clover: (i) faster establishment time and 
better performance in dry summer environments (Brown, et al., 2005, Moot, et al., 2000), (ii) 
increased water extraction in water-limited areas owing to the deep taproot (Taylor, et al., 1996a), (iii) 
increased tolerance to pasture pests (Gerard, et al., 2017), and (iv) improved nitrogen partitioning 
when consumed by livestock (Sullivan, et al., 2006, Van Ranst, et al., 2011). However, the biggest 
inhibitor of red clover performance in pastoral systems is the lack of persistence (Ford, et al., 2011). 
The longevity of red clover is generally 2-3 years, and when sub-optimal pasture conditions are 
present, persistence continually decreases (Hyslop, et al., 1999). Red clover persistence is reduced 
with frequent, hard grazing. Continuous grazing reduces the carbohydrates available in the taproot and 
increases the vulnerability of the plant to disease. The survival and performance of the taproot is a 
vital aspect of the survival and performance of the plant as a whole (Brock, et al., 2003, Smith, et al., 
1985). 
Pests and diseases are most damaging during red clover establishment. As the sward increases in 
cover, red clover is more competitive and less susceptible to infection from exposure in the sward 
(Frame, 2019). The predominant crown pathogen (Sclerotinia trifoliorum) and root pathogens 
(Fusarium spp. and Rhizoctonia spp.) are the major diseases to red clover. At the same time, weevils 
and nematodes are major pests (Hyslop, et al., 1999). Often, wounding of the plants from grazing 
animals leaves the plant open and susceptible to infection and damage. However, usually, the late-
flowering cultivars have higher persistence and lead to less damage from pests and diseases early in 
the establishment. There is a positive correlation between ploidy levels and increased resistance to 
pests, showing variation amongst red clover cultivars (Hay, et al., 1989). 
 8 
A common animal health issue from grazing red clover is bloating. Bloating is often more common in 
cattle than sheep. High levels of protein gas form in the stomach of the animal and when the gas levels 
become more elevated than the animals' ability to expulse the gas, bloating occurs (Majack, et al., 
2003). Pasture mixes containing grass and grazing management plans are utilised to reduce the risk of 
bloating (Frame, et al., 1986).  
2.2.3 Other Trifolium species 
Many Trifolium species are underutilised, or their use is yet undetermined in agricultural systems 
(Maxted, et al., 2001). The importance of minor species within the Trifolium genus is now recognised 
in (i) growth in adverse conditions, (ii) research to improve the major species, or (iii) hybridisation 
with major Trifolium species. 
Trifolium subterraneum and T. ambiguum are two species that have become popular to use in drought-
prone pastoral systems of Australasia and North America. Trifolium subterraneum, also known as sub 
clover, is a species that is highly utilised in Australia and to a lesser extent in New Zealand. Trifolium 
subterraneum performs well in drought conditions as it buries the seeds in the soil, allowing seed 
development to happen underground (Suckling, et al., 1983, Widdup, et al., 2000). Trifolium 
ambiguum, also known as Caucasian or Kura clover, has a large root system and is favourable in 
agricultural systems that are exposed to climate extremes (Bryant, 1974, Maxted, et al., 2001). 
Trifolium ambiguum has also been used to hybridise with white clover (Ellison, et al., 2006, Williams, 
2014). The T. repens x T. ambiguum ISHs have been successful in producing progeny that have 
advantageous root characteristics (Abberton, et al., 1998), and similar forage quality (Marshall, et al., 
2004) and nitrogen fixation ability to white clover (Abberton, et al., 2000). 
Trifolium arvense, T. dubium, T. hybridum and T. medium are four Trifolium species that have been 
used primarily for research to improve other Trifolium species. Trifolium arvense, is an annual winter 
clover that grows well in sandy or non-irrigated land (Pritchard, et al., 1988). The optimal 
environment in pastoral systems for T. arvense is short-lived and low fertility pastures; often in dry 
hill country environments (Taylor, 1985, White, et al., 1999). Trifolium arvense can survive for long 
periods under intense grazing but is often outcompeted under lighter grazing (Palmer, 1972). Trifolium 
dubium, is often found in the low fertility hill country (Caradus, et al., 1989b). Trifolium hybridum, is 
a short-lived perennial clover. It is adaptable to a wide range of conditions and has rapid establishment 
(Widdup, et al., 1994). It is often used in the hill country in the South Island of New Zealand for 
pasture and hay or silage (Taylor, 1985, Williams, 1951). Trifolium medium, is a long-lived perennial 
clover that prefers damp, acidic soils (Taylor, 1985). Trifolium medium has a similar phenotype to red 
clover (Taylor, 1985) and was introduced into North America as a contaminant in red clover seed. 
Although not common in commercial pastoral systems, T. medium has the potential for pasture and 
hay production (Taylor, et al., 1984). 
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The objective of this review chapter is to describe the role of genebanks in Trifolium breeding and 
what the characterisation of germplasm held in the genebanks could mean for plant breeding and pre-
breeding efforts. The paper will include past breeding efforts, the importance of genebank and core 
collections, as well as possible avenues to characterise and utilise variation. Emphasis will be given to 
review research pertinent to New Zealand agriculture, but examples of research from other countries 
are provided as well. This paper aims to build on previous Trifolium reviews (Caradus, et al., 1989a, 
Caradus, et al., 1996c, Jahufer, et al., 2013b, Williams, 2014). 
2.2.4 White clover breeding history in New Zealand 
White clover improvement was initiated in New Zealand in the 1870s. Caradus, et al. (1989a) 
reviewed the advances of white clover breeding in New Zealand. The 1920s saw a continual supply of 
phosphate to New Zealand, allowing increased pasture production and stocking rate, increasing 
production and efficiency (Caradus, et al., 1989a). The 1930s focussed on enhancing productivity and 
persistence in existing cultivars (Woodfield, et al., 1994). The breeding objectives changed over time 
with environmental pressures. The 1950s focussed on primary physiological and morphological 
responses to environmental changes. Stolon density and growth of the stolons concerning the 
production and persistence of white clover became a focal point in the 1970s. In comparison, the 
1980s had an emphasis on whole plant studies and the regeneration rates of white clover. This was 
combined with the 1990’s, where different farm and pasture management practices, such as utilising 
cultivars with a specific leaf size, were incorporated into programmes (Caradus, et al., 1989a).  
The leaf size of white clover; large-, medium- or small-leaved, generally determines the type of 
production system the cultivar would be utilised within. Large-leaved clover grows tall and upright 
and has thick stolons and robust roots. They are used frequently in dairy systems as they perform well 
in rotationally grazed pastures. Although very productive, they have fewer stolons, reducing the 
persistence in mixed swards. Medium-leaved clovers are the most robust type of clover, performing 
very well under a range of grazing management, except under very close continuous grazing (Baker, et 
al., 1987). Often, large- and medium-leaved cultivars are used together in pasture mixes and grazed on 
dairy pastures. Small-leaved clovers are low-growing with high numbers of leaves and thin, multi-
branched stolons. The compact and low-growing morphology makes it difficult for the grazing 
animals to uproot the plants. Therefore, small-leaved clover has a high tolerance for rigorous 
defoliation and are often used in sheep grazing systems  (Rattray, 2005).  
The four main types of white clover found in New Zealand pastures were initially identified due to 
differences in variation. Type 1 was, ‘New Zealand Wild White No.1’; a very productive, cyanogenic, 
medium-leaved perennial found in fertile old pastures. Type 2 was, ‘New Zealand Wild White No. 2’; 
a perennial, with denser and smaller leaves and therefore less productivity than Type 1. Type 3 was, 
‘Ordinary New Zealand White’; a non-persistent clover with medium-sized leaves and moderate 
growth in the first year but poor growth after that. Type 4 was, ‘Lax early-flowering New Zealand and 
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ordinary European’; a non-persistent, near-annual type, with small leaves and low productivity 
(Caradus, et al., 1989a). Type 1 was superior and led the way to certification and commercial 
production in 1930 (Caradus, et al., 1996c). A breeding programme was created to breed the 
commercialised Type 1 with pedigree New Zealand Certified Mother Seed. The populations were 
improved continuously until 1957 when the final selection was completed. In 1964 the lines were 
released as ‘Grasslands™ Huia’, and the cultivar is still utilised today (Caradus, et al., 1989a).  
Since the release of ‘Grasslands™ Huia’, many white clover cultivars have been bred and evaluated. 
However, the breeding system of white clover presents some unique challenges to breeders. 
Allotetraploidy in white clover arose out of the hybridisation of two diploid ancestors; T. pallescens 
and T. occidentale. The polyploid and outcrossing nature of white clover has advantages and 
disadvantages (Comai, 2005). As white clover is an outcrossing species, the populations are highly 
variable both within and between populations, allowing performance in a wide range of environments 
(Hoglund, et al., 1985). However, a high recombination rate can also mean that it is a slow process in 
breeding towards specific traits of interest. 
Breeding for multiple traits is a challenge in white clover. There is a negative correlation for the 
selection of leaf size and stolon density. Leaf size is used as a measurement of yield under optimal 
conditions, and stolon density is used as a measure of persistence. The negative relationship of leaf 
size and stolon density has attempted to be overcome by improving persistence and herbage yield 
through crossing small-leaved New Zealand ecotypes and large-leaved overseas germplasm into new 
populations for selection. This strategy has been successful and has developed cultivars such as 
‘Grasslands™ Demand’ and ‘Grasslands™ Sustain’ (Caradus, et al., 1997a, Widdup, et al., 1989). A 
study by van den Bosch, et al. (1993) showed that selection for elite characteristics of root morphology 
resulted in a decrease of yield and persistence. Breeders have observed that after the first year, 
overseas material display poor productivity and persistence than New Zealand-adapted cultivars 
(Caradus, et al., 1989a). Together with improved farming practices, white clover cultivars with 
improved persistence have been developed (Caradus, et al., 1996a, Charlton, et al., 1989, Lee, et al., 
1993, Rhodes, et al., 1979). 
2.2.5 Red clover breeding history in New Zealand 
Red clover breeding has been more prominent overseas than in New Zealand and is reflected in the 
abundance of the plant distribution globally. Red clover improvements have been focussed on yield 
and persistence (Smith, et al., 1985, Taylor, et al., 1996a). Many of the cultivars produced are early-
flowering type and lack persistence, as they are most commonly used as a forage supplement crop 
rather than in a long-term grazing system (Taylor, et al., 1996a). Despite the lack of persistence, red 
clover is considered an important component in pastoral systems throughout New Zealand. The 
cultivars released from New Zealand are agronomically similar to overseas cultivars but are adapted to 
New Zealand conditions. Much like white clover, all of the red clover cultivars in New Zealand are 
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synthetics and have been created through the open pollination of multiple elite parents (Wratt, et al., 
2015). The introduction of polyploidy has been successful in red clover and led to cultivars such as 
‘Grasslands™ Pawera’ and ‘Grasslands™ G27’ (Rumball, et al., 1997, Wratt, et al., 2015). 
The first red clover plants imported into New Zealand were from commercial seed companies in 
England. There has been a lack of recording of New Zealand ecotypes that had adapted from the 
imported material. The most popular cultivar of choice for New Zealand farmers was the ‘Broad Red’ 
type. However, in the second year of the pastoral system, the red clover population was weak and 
sparse. The Montgomery type was slower to establish than Broad Red but provided a much more 
persistent population. The 1920s in New Zealand saw the beginning of the trials to determine the best 
type of red clover to use for New Zealand pastures, and the differences between Broad Red and 
Montgomery were apparent. Montgomery proved to be more successful for New Zealand pastures and 
developed into a breeding programme in the 1930s. In 1937, the seed was certified and was classed as 
New Zealand Montgomery red clover. It was renamed as ‘Grasslands™ Turoa’ in 1964 (Wratt, et al., 
2015). 
The 1930s showed a good establishment of Broad Red clover and several breeding programmes were 
developed to increase density and yield. In 1946, the successful parents from these trials were certified 
to be named as the cultivar New Zealand Broad Red clover (Wratt, et al., 2015), only to be renamed to 
‘Grasslands™ Hamua’ in 1964 (Levy, 1970). ‘Grasslands™ Relish’ is the most recent New Zealand 
red clover cultivar to market. Relish can persist in pastoral systems for three to four years; a significant 
increase than other red clover cultivars (Ford, et al., 2011). 
The development of tetraploid red clover began overseas but was rapidly recognised as needed in New 
Zealand. In New Zealand, the development of tetraploid red clover began in 1954, and by 1972 
‘Grasslands™ Pawera’ was commercialised. Phenotypically, this cultivar is described as a mix 
between ‘Grasslands™ Turoa’ and ‘Grasslands™ Hamua’ (Wratt, et al., 2015). Tetraploids (2n=28) 
have distinct advantages when compared to diploids (Taylor, et al., 1996b). The doubling of 
chromosomes interrupts the alleles that control self-fertility, and often tetraploids exhibit increased 
numbers of self-fertile plants compared to diploids (Drach, et al., 1986). Tetraploid red clover cultivars 
often outperform diploid cultivars in dry matter yield and disease resistance (Arseniuk, 1989, 
Joensson, 1985, Liatukas, et al., 2012, Taylor, et al., 1996a, Yamada, et al., 1990). Tetraploids are 
usually larger in most plant structures, including flowers and seeds (Nikovitz, 1985). However, 
tetraploids have lower seed production compared to diploids, so higher sowing rates are needed. The 
lowered seed yield of tetraploids has been a major limiting factor in the production of tetraploid 
cultivars (Taylor, et al., 1996b).  
Breeding for persistence in red clover has proved challenging. The need for increased persistence was 
recognised in the 1930s and similar to white clover, breeding efforts initially focussed primarily on 
plant morphology. Cultivar development has progressed with breeding for increased ‘creeping’ 
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phenotypes and stoloniferous features to increase persistence (Williams, et al., 2007). Although there 
have yet to be substantial gains made from increased grazing persistence, there have been successful 
developments in increased persistence in silage systems (Ford, et al., 2011).  
The most prevalent chemical finding in red clover has been the discovery of phytoestrogens (Taylor, et 
al., 1996a). Phytoestrogens are a plant-derived estrogen that is structurally and functionally similar to 
mammalian estrogens (Patisaul, et al., 2010). Many phytoestrogens are phenolic compounds that can 
be linked back to the isoflavones group, which is present in many legume species. Further research 
showed a strong link between high levels of phytoestrogens in red clover, to decreased efficiency in 
ewe fertility, specifically formononetin (Rumball, et al., 1997). Formononetin is the causative 
hormone that is related to reduced conception and ovulation rates in ewes. Ewes can display two types 
of infertility when exposed to formononetin; temporary or permanent. Grazing management has 
allowed better control over the exposure to formononetin (Shackell, et al., 1993a, Shackell, et al., 
1993b). However, the more recent red clover cultivars have been bred with lower levels of 
phytoestrogen. Five breeding cycles are usually needed to reduce the formononetin to a safe level for 
the sheep (Wratt, et al., 2015). 
2.2.6 Minor Trifolium species 
Trifolium subterraneum and T. ambiguum are two clovers that are widely cultivated in other countries, 
showing the potential to introduce these species into systems in New Zealand (Abberton, 2007). 
However, the utilisation of minor Trifolium species in New Zealand is still low.  
The majority of T. subterraneum breeding has been in Australia by improving local germplasm 
(Taylor, 1985). Francis, et al. (1970) summarised that the key breeding targets for T. subterraneum 
were low oestrogen, marker characteristics, maturity, burr burial, physiological seed dormancy, seed 
hardness, and pathogen and insect resistance. Similar to red clover, T. subterraneum has high levels of 
formononetin which is generally selected out early in the breeding programme (Nicholas, et al., 1981). 
Trials across New Zealand evaluated T. subterraneum lines that have improved persistence and dry 
matter production (Dodd, et al., 1995a, Dodd, et al., 1995b, Dodd, et al., 1995c). Recent studies have 
identified Australian cultivars that are best adapted to New Zealand dryland pastoral systems (Lucas, 
et al., 2015, Olykan, et al., 2018). However, more improvement is needed for New Zealand 
environments. 
Resistance to pathogens have a strong breeding objective in T. subterraneum breeding programmes. 
Pathogens such as Kabatiella caulivora (clover scorch), Uromyces trifolii-repentis (rust), Oidium sp. 
(powdery mildew), and Fusarium avenaceum and Pythium irregulare (root rot) are common in 
subterranean clover. There has been some success in developing resistant lines (Nichols, et al., 2014a, 
You, et al., 2005a, You, et al., 2005b). 
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Trifolium subterraneum was the first annual Trifolium species to have a draft genome sequenced. As it 
is an annual, diploid (2n=16) species with a small genome (540Mbp), it has been an attractive species 
to use as a model (Hirakawa, et al., 2016). Using T. subterraneum as a model species to understand the 
genetics of traits of interest will provide a pathway to understanding traits in the more genetically 
complex species. 
Trifolium ambiguum has the potential to become a major forage legume in New Zealand. T. ambiguum 
exists in diploid, tetraploid and hexaploid forms and is highly self-incompatible at all ploidy levels. 
The presence of valuable traits in T. ambiguum have made it an attractive resource for interspecific 
hybridization. Although incompatibility exists between ploidy levels, there have been interploidal 
hybrids produced (Kannenberg, et al., 1962). The significant strengths of T. ambiguum are the 
longevity and persistence under intense grazing pastoral systems. Breeding efforts thus far have 
focussed on major agronomic traits such as seed and forage yield, and flowering time, as well as the 
more complex traits of drought resistance and performance with Rhizobium strains (Taylor, et al., 
1997). 
Trifolium ambiguum has been a considerable source of variation to introgress into white clover. One of 
the major goals with the T. repens x T. ambiguum hybrids is to introgress the large root system of T. 
ambiguum, while keeping the agronomic performance of white clover. The biggest challenges in these 
hybrids are maintaining seed production, slow establishment and producing viable hybrids (Meredith, 
et al., 1995, Taylor, et al., 1997). Trifolium ambiguum could also be a potential source of virus 
resistance to white clover. Barnett, et al. (1975) reported that T. ambiguum showed resistance to a 
range of viruses including alfalfa mosaic, yellow bean mosaic, peanut stunt and white clover mosaic 
viruses. Although T. ambiguum shows promise to become a productive forage legume in New Zealand 
pastoral systems, white and red clover remain very popular in the farming community due to their 
continuing high performance (Taylor, 2008). 
The reproductive biology of T. arvense allows it to self- and cross-pollinate (Palmer, 1972). Breeding 
and research into T. arvense has been limited. However, a study by Hancock, et al. (2012) used genetic 
modification (GM) to integrate the transcription factor, TaMYB14, from T. arvense into T. repens. 
TaMYB14 is involved in the regulation of proanthocyanidin (PA) biosynthesis in legumes. PAs are 
polyphenolic secondary metabolites in plants and are associated with providing defence against 
pathogens and herbivores (Aziz, et al., 2005, de Colmenares, et al., 1998, Dixon, et al., 2005). The 
GM clover can decrease methane emissions and reduce bloating in livestock (Hancock, et al., 2012).  
Trifolium hybridum is a self-incompatible, highly outcrossing species. Cultivars are either diploid 
(2n=16) or tetraploid (2n=36). There have been limited breeding programmes with T. hybridum, but it 
has been shown that there is wide variability in agronomic traits, except for persistence. Furthermore, 
inbreeding in T. hybridum reduces persistence (Matthews, et al., 1951, Townsend, 1964). Townsend, 
et al. (1968) assessed both self- and cross-pollinated populations to measure the effect that selection 
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for persistence had on the outcrossed progeny. The outcrossed populations had more persistence, but 
the gain was not enough to continue with selections. 
Trifolium medium is highly self-incompatible and has 2n chromosome numbers ranging from 64 to 80 
(Quesenberry, et al., 1977). Trifolium medium has been involved in several breeding programmes, 
including hybrid programmes (Taylor, et al., 1984). A draft genome of T. medium has been assembled 
to accelerate breeding advancements in clover breeding (Dluhošová, et al., 2018). There have been 
attempts to produce T. medium × T. repens and T. medium × T. pratense hybrids, but they have been 
unsuccessful (Anderson, et al., 1974, Kazimierska, 1978). Trifolium medium has been successfully 
crossed with T. sarosiense to bridge the genetic gap between T. medium and T. pratense (Quesenberry, 
et al., 1977). The primary breeding target of the T. pratense × T. medium hybrid is to incorporate 
increased perenniality.  
The main breeding programme for T. hybridum in New Zealand was for the development of ‘G41’ 
zigzag clover. This programme focussed more on seed-setting than agronomic vigour. However, G41 
has 84 chromosomes, so may be predisposed to meiotic mutations (Rumball, et al., 2005). For T. 
medium to be used as a potential forage legume in New Zealand pastoral systems, more research into 
seed traits and the agronomic and management practices in high-country systems is needed (Daly, et 
al., 1987, Taylor, 2008). 
2.3 Trifolium breeding methods and progress 
Breeding of Trifolium species in New Zealand commenced in the early 1900s. Early scientists 
recognised the importance of various Trifolium species to farm productivity which aided in the rapid 
expansion of agricultural production to supply animal (mostly sheep) products to England and other 
parts of the world (Caradus, et al., 1989a). Large investment into the breeding of Trifolium, and the 
resulting volume of research, has placed the Trifolium genus as the most important pastoral legumes to 
New Zealand pastures.  
The breeding methods used in the past for Trifolium have produced cultivars that perform in a broad 
range of climates and farming systems (Caradus, et al., 1996b). The breeding techniques prevailing the 
1960s were based on increasing the performance of ecotypes and phenotypic selection. Recurrent 
phenotypic selection, introduced in the mid-1960s (Williams, 1987), is a method of population 
improvement through the cyclical selection of the best performing plants within and among families, 
generation after generation, after the population has the selected desired traits (Hallauer, 1992).  
Hoyos-Villegas, et al. (2018) compared among half-sib (AHS) family selection and among and within 
half-sib (AWHS) family selection strategies using computer simulation. AWHS family selection was a 
superior strategy, especially in early selection cycles. In the first selection cycle, AWHS had 2.5% 
genetic gain compared to 1% for AHS. Hoyos-Villegas, et al. (2019) suggested that recurrent selection 
increased the rate of genetic gain of yield and persistence in cultivars. 
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Phenotypic selection methods have been the most common for population improvement and cultivar 
development in Trifolium breeding. However, the literature is conflicted about how successful these 
methods have been in increasing the rate of genetic gain. While Woodfield, et al. (1994) stated that the 
rate of genetic gain for white clover yield and percentage clover in the sward was 6% per decade, 
Woodfield (1999) suggested that the rate of genetic gain rate 1.49% per year. More recently, Hoyos-
Villegas, et al. (2019) showed that the rate of genetic gain in white clover did not reach above 2% per 
decade as established by the national strategy to lift pastoral sector productivity. Similar to white 
clover, the rate of genetic gain in red clover spans a moderate range. Estimates of the annual rate of 
genetic gain for forage yield in red clover are from 0.21% to 1.39% (Riday, 2010, Tucak, et al., 2013). 
The development of molecular techniques in forage breeding has increased over the last decade. A 
popular type of molecular marker in forages are SNPs. SNPs are the most common type of genetic 
variation and are an efficient way of detecting genetic variation. Because of their abundance, SNP 
markers can increase the resolution and power in the detection of quantitative trait loci (QTL) that 
control traits and if an association is found and can be converted into kompetitive allele-specific 
polymerase chain reaction (KASP) markers for marker-assisted selection (MAS) breeding 
programmes. The discovery of QTL for seed and vegetative properties and the development of linkage 
maps are the first step in the development of MAS in Trifolium breeding programmes (Barrett, et al., 
2005, Barrett, et al., 2009, Faville, et al., 2012, Isobe, et al., 2009, Williams, et al., 2007). The 
development of cost-efficient reduced representation genotyping techniques such as genotyping-by-
sequencing (GBS) has increased the use and adoption of markers. SNP markers simplify some of the 
difficulties that occur in deploying markers in outcrossing species (Brummer, 2013, Elshire, et al., 
2011). 
2.4 Importance of genebanks and germplasm exploration in forages 
Wild relatives of common species are becoming increasingly important to conserve and store in 
genebanks (Williams, 2010). Hybridising species with wild relatives broadens the gene pool and 
increases the available variation; both of which have been beneficial for modern agricultural practices. 
The hybridisation of crop species with wild relatives can increase the rate of genetic gain. In forages, 
examples include the crossing of forage rape (Brassica napus L.) and turnip (Brassica campestris L. 
ssp. Rapifera) as an alternative to forage rape (Mackay, 1973), the release of KX2Hawaii, a Leucaena 
hybrid cultivar, for increased pest tolerance (Brewbaker, 2008) and more recently, the successful 
crossing of Paspalum plicatulum and Paspalum oteroi for forage improvement (Novo, et al., 2016). 
Forage legumes are important components of agrobiodiversity, especially in countries where livestock 
production contributes largely to their GDP. The report produced by FAO (2010) stated that global 
germplasm holdings had 651,024 forage accessions; 35% were wild species, 13% were landraces, 3% 
were breeding materials, 4% were advanced cultivars, and 45% were others. 15% of the total 
genebank accessions collected from 1996 to 2007 were forages and, in total, contribute to 9% of the 
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major crop groups in total ex-situ collections. Australia is the predominant holder of forage legume 
germplasm, holding 15% of the world’s clover holdings. Germany, Japan and Poland have the largest 
collections of forage grasses. Currently, 74,158 Trifolium accessions are maintained in germplasm 
centres worldwide (FAO, 2010). 
The development of information management systems has revolutionised the way germplasm centres 
store and share data. However, despite the success of data management, the amount of data analysis 
performed on accessions in genebanks is lacking, and challenges remain to develop useful statistics to 
strategize wild germplasm use. Graudal, et al. (1995) recognised that the main challenge with 
conserving plant genetic resources is knowing what to conserve, but accession data can inform 
decision making (Singh, et al., 2019). As the extent of loss of biodiversity has been made more 
apparent, the need to efficiently conserve biodiversity is of foremost importance. The increased 
pressure to secure the genetic diversity of a species over recent decades has created an influx of 
germplasm accessions into genebanks. With few exceptions, germplasm banks are underfunded and 
underutilized by breeders (Allard, et al., 1993b).  
2.4.1 Core collections 
A core collection is a subset of a larger collection (Frankel, et al., 1984), defined as containing a 
minimum set of germplasm that represents maximum diversity (Zhang, et al., 2019). The development 
of core collections has seen more urgency in the last two decades (Basigalup, et al., 1995, Johnson, et 
al., 1999a, Johnson, et al., 1999b, Marita, et al., 2000) and are primarily used as a management tool 
(Allard, et al., 1993b). The highly characterised accessions within the collection can be used to inform 
decisions in breeding programmes (Abdi, et al., 2020, Zhang, et al., 2019). 
A significant concern of core collections is the potential loss of diversity within the collection. A core 
collection that does not encompass a considerable amount of the whole collections’ diversity would 
not serve a purpose (Brown, 1989a). To overcome the potential loss of diversity, Brown (1989b) 
suggested a simple random sampling method which had high retention of diversity statistics. To 
ensure that core collections are not formed using misleading information, deep characterisation of the 
germplasm data associated with the accessions compiled in the core collection is needed (Allard, et al., 
1993b, Singh, et al., 2019). 
2.4.2 Characterisation of germplasm in genebanks 
Most of the genetic variation present in genebanks are absent in breeding programmes but will be 
useful for future breeding programmes (Dwivedi, et al., 2017). Díez, et al. (2018) summarised and 
identified that the most urgent task in improving genebanks is improving the information available 
through deep characterisation. Although there is increased genetic and phenotypic data on traits, 
knowledge of all of the accessions in the genebank as a whole, is lacking (Bretting, 2018). When an 
accession is collected, it is linked with passport data; geographical information, including latitude and 
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longitude, and ecological data. Each time the accession is grown in a trial or for regeneration, it is 
critical that more phenotypic data is collected to characterise the accession more thoroughly in the 
genebank (Allard, et al., 1991). The information is needed to cater to future agricultural needs 
(Bretting, 2018). 
While the first decades of germplasm centres focussed on conserving genetic variation in species, it 
has become more apparent that the information about the germplasm has become just as important as 
the germplasm. Germplasm centres can leverage and exploit data to increase the efficiency and 
effectiveness of conservation and characterisation efforts of germplasm, as well as increasing the value 
of the germplasm (Halewood, et al., 2018, Rubenstein, et al., 2006). Studies have already shown that 
by analysing data in germplasm centres, valuable information can be obtained that can inform future 
breeding decisions (González, et al., 2018, Ramírez-Villegas, et al., 2010). Egan, et al. (2019a) and 
Egan, et al. (2019b) characterised the national germplasm collections of red and white clover in the 
MFGC the national forage genebank in New Zealand. Breeding pools and influential founders were 
identified, and the authors provided avenues for pre-breeding decisions in the future. Bruce, et al. 
(2019) demonstrated that although the genetic diversity in Canadian soybean has been maintained for 
over a century of soybean breeding, the breeders have only used a small portion of the genetic 
diversity within the available germplasm collections.  
The limitation on efficient germplasm exchange is largely based on the information available on the 
germplasm (Allard, et al., 1993a). As the exchange of germplasm between countries increases, so does 
the global germplasm network (Allard, et al., 1993a). Annually, the United States shares more than 
230,000 seed samples to 100 countries worldwide (Allard, et al., 1991). From 1990-1999, the United 
States National Plant Germplasm System (NPGS) distributed 621,238 germplasm samples of 10 major 
crops (Rubenstein, et al., 2006). However, the incompleteness of accession data is a major 
contribution to the lack of utilisation of germplasm by breeders (Peeters, et al., 1984). Studies have 
shown that increased characterisation of the germplasm will increase the utilisation of germplasm 
(Byrne, et al., 2018, Rubenstein, et al., 2006, Yu, et al., 2016). 
2.5 Plant breeding avenues for germplasm exploration and retaining and 
maximising diversity 
Plant breeding relies on genetic variance to succeed. Although genetic variance can be well defined, 
genetic diversity is a term that has no clear definition. It is broadly referred to as any variation at any 
phenotypic or molecular level in the species at any given time (Fu, 2015). Yet, it is the broadness of 
the subject that has allowed successful advances, almost exclusively based on useful phenotypes or 
traits. 
Crossing elite germplasm lines to increase the performance of populations has produced cultivars 
across all major species. Introgression of wild germplasm characters into adapted cultivars is 
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frequently performed through backcrossing to the elite parent. The development of hybrids through 
pre-breeding has many challenges, including infertility, linkage drag and crossing incompatibility 
(Acquaah, 2012). Despite these challenges, pre-breeding, the early activities used to characterise 
germplasm that identifies useful characteristics (Acquaah, 2012), is frequently used to develop 
populations with increased variation (Acosta-Gallegos, et al., 2007, Nass, et al., 2000, Sharma, et al., 
2013). Identifying genetic variation and utilising information from genebanks to plant breeding 
programmes is an important strategy for continuing crop genetic improvement (Sehgal, et al., 2015). 
2.5.1 Pedigree maps and analysis 
Pedigree analysis has been popular in conservation programmes to monitor crosses between 
individuals to maximise diversity. In the literature, there are more reports of pedigree analysis in 
animals (Calboli, et al., 2008, Cervantes, et al., 2008, Graczyk, et al., 2015, Hamann, et al., 2008, 
Leroy, et al., 2006, Roughsedge, et al., 1999, Valera, et al., 2005) than in crops (Gizlice, et al., 1994, 
Navabi, et al., 2014, Sneller, 1994, Souza, et al., 1989). Although pedigree analysis is typical in 
animals as both parents are known, it is an important method that enables the characterisation of plant 
germplasm accessions (Philipp, et al., 2018).  
The development of a pedigree map allows a visual representation of population structure and 
determines the effect of human-based decision making. Pedigree maps show past breeding performed, 
and breeding pools can be identified (Holland, et al., 2003). It is not crucial that all of the mating 
relationships are recorded, although indeed helpful (Shaw, et al., 2014). Phenotypic and genotypic 
information can be added to pedigrees to add depth and knowledge which aids in selection cycle 
decision making (Breseghello, et al., 2013). However, the large and complex nature of pedigree data 
sets provides perceptive limitations in building, visualising and analysing large pedigrees (Shaw, et al., 
2014). Genetic factors of populations can be described by deriving pedigree-related coefficients such 
as kinship, inbreeding, the effective number of founders and the effective population size (Bernardo, 
2010, Falconer, 1975, Voorrips, et al., 2012). The information obtained from pedigree maps and 
analysis enables faster and more efficient breeding decisions (Holland, et al., 2003). 
Where available, molecular tools are utilised with pedigrees to be used in mixed models (Bink, et al., 
2002, Dreisigacker, et al., 2004, Graner, et al., 1994, Janick, 2003, Melchinger, et al., 1994). The 
integration of molecular markers to validate pedigrees has become increasingly popular to confirm 
results (Daetwyler, et al., 2012, Paiva, et al., 2011, Smith, et al., 2000, VandeBerg, et al., 1990).  
2.5.2 Genome-wide association studies 
The ability to describe the relationship between genotype and phenotype has become increasingly 
important with increased pressure on the performance of crops (Liu, et al., 2018). GWAS is a method 
that involves scanning the genome using DNA markers to detect associations with phenotypic traits. 
GWAS was first developed in humans before becoming utilised in plant species. It is a powerful tool 
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to identify QTL and causative SNPs in both simple and complex traits and can characterise rare 
variants in species.  
GWAS has become popular for analysing simple traits and for furthering the understanding of the 
genetic architecture of complex traits, i.e. the number of loci that contribute to a trait and the relative 
contribution to the phenotype. Complex traits are controlled by many rare variants having a sizeable 
phenotypic effect or, many common variants resulting in a small phenotypic effect (Korte, et al., 
2013). Many of the traits that are breeding targets in forages are complex, so GWAS is promising to 
identify genomic regions controlling traits (Korte, et al., 2013). However, simple traits, traits 
underpinned by a small number of loci with large effect sizes, are typically best suited for GWAS. 
GBS has become a popular sequencing method to use in GWAS studies due to the low cost, high 
throughput and robustness of the method (Han, et al., 2018, Sakiroglu, et al., 2017, Sonah, et al., 
2015). Restriction enzymes are used to reduce genome complexity and the number of repetitive 
elements. GBS was first developed by Elshire, et al. (2011) and is suitable for outbreeding populations 
as genome-wide allele frequency profiles can be calculated in pooled samples. However, GBS can 
pose challenges in the form of low sequencing depth and missing genotype calls (Ashraf, et al., 2016).  
The history and successful development of GWAS techniques have been well documented (Ikegawa, 
2012, Visscher, et al., 2017). GWAS has been successful in identifying novel variant-trait associations 
(Tam, et al., 2019) and allowed marker-assisted selection breeding programmes to be developed 
(Barrett, et al., 2009, Barrett, et al., 2006, Barrett, et al., 2001, Dolstra, et al., 2007, Hayward, et al., 
1994, Riday, 2011, Roldán-Ruiz, et al., 2010). However, the number of GWAS studies in forages 
compared to other crops is low. The highly heterozygous and outcrossing nature of forages makes 
finding and validating associations more complex compared to other crops that have a closed mating 
system. Although the overall number of studies is low, there have been numerous GWAS studies in 
alfalfa that have identified regions of the genome that control forage yield, nutritive value (Sakiroglu, 
et al., 2012), forage quality traits (Biazzi, et al., 2017), as well as plant growth and forage production 
under abiotic stresses (Liu, et al., 2017). Significant marker-trait associations have been identified in 
ryegrass (Arojju, et al., 2016, Brazauskas, et al., 2011, Fè, et al., 2015). There has only been one 
reported GWAS in white clover where Inostroza, et al. (2018) identified 53 loci associated with cold-
tolerance traits. 
2.6 Past successes of using germplasm in forage breeding 
Utilising germplasm held in genebanks has been crucial for the improvement of plant species, and this 
has been recognised for many years (Ghimiray, et al., 2017). Hybridising species with germplasm or 
wild relatives has been successful in plant species. Broadening the breeding pool has introduced 
increased resistance, yield and variation to be incorporated into populations. Genetic variation is 
crucial to have in a population, as without variation, genetic gain cannot be realized (Baker, et al., 
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1987). Forages have been a group of interest for hybridisation with wild relatives due to the slow rate 
of genetic gain (Hoyos-Villegas, et al., 2019, Nass, et al., 2012). As perennials, utilization of dominant 
and additive variance effects could be a feasible avenue to increase the rate of genetic gain in forages. 
However, this would require modifications to the breeding systems currently in place. Woodfield, et 
al. (2001a) suggested that the limited rate of genetic gain could be increased by changing from 
synthetic varieties to hybrid varieties and could provide better control over traits that would improve 
performance in the species. It is unknown whether environmental adaptation would be sacrificed by 
such a change, but this could be overcome by the utilization of reciprocal recurrent selection programs 
based on biparental and test crosses with the deployment of varieties as ‘multi-hybrid’ composites 
(vis-a-vis multi-lines) and not synthetics. 
The utilisation of species that occur in the primary and secondary gene pool to the target species have 
been useful to generate new variation to widen the genetic base and improve species (Acquaah, 2012). 
Ellison, et al. (2006) developed the ‘white clover species complex’, outlining the species that are 
closely related and can cross with another in the complex. The most successful example of using 
germplasm in Trifolium is the ISHs of T. repens with T. ambiguum, T. uniflorum and T. occidentale 
(Hussain, et al., 2016, Marshall, et al., 2008, Marshall, et al., 2015, Nichols, et al., 2014b, Nichols, et 
al., 2014c, Nichols, et al., 2014d, Nichols, et al., 2014e, Nichols, et al., 2015, Widdup, et al., 2011, 
Williams, 2014, Williams, et al., 2013, Williams, et al., 2008).  
The ploidy of the related species is challenging when developing hybrids. T. uniflorum is a tetraploid, 
T. occidentale is a diploid clover, and T. ambiguum can exist in the ploidy forms of 2x, 4x and 6x 
(Abberton, 2007, Jahufer, et al., 2013b, Williams, et al., 2006). The 6x form of T. ambiguum is the 
form that is best suited for agronomic conditions, but this has not been able to be successfully crossed 
to white clover to produce fertile hybrids. Williams, et al. (2008) overcame the genetic bridge of T. 
ambiguum × T. repens by doubling the chromosome number and then backcrossing to white clover 
until stable tetraploid hybrids were produced. More recently, a study by Williams, et al. (2019) used 2x 
T. occidentale × 6x T. ambiguum as a genetic bridge to be able to hybridise the two species and 
produce one gene pool.  
The advancements of the ISHs have been successful. Nichols, et al. (2014c) showed that T. repens × T. 
uniflorum BC1 hybrids outperform white clover in drought conditions. Nichols, et al. (2014b) 
identified that some T. repens × T. uniflorum ISHs that were more tolerant of low external phosphate 
supply. The next steps for the progression of the ISHs are the continuation of selection cycles to 
improve populations. 
Attempts at hybridisation between other Trifolium species have seen some success (Ferguson, et al., 
1990). T. nigrescens has demonstrated a close affinity with T. repens and has had successful crosses 
(Brewbaker, et al., 1953, Hovin, 1962). T. nigrescens has several useful reproductive traits that could 
benefit T. repens, including the prolific number of inflorescences. Marshall, et al. (1995) showed that 
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T. repens × T. nigrescens hybrid progeny showed intermediate reproductive phenotypes and was a 
significant increase from T. repens. More recently, Marshall, et al. (2008) showed that introgression of 
reproductive traits from T. nigrescens to T. repens increased the seed yield. Malaviya, et al. (2018) 
investigated the interspecies incompatibility and affinity between T. alexandrinum and 22 Trifolium 
species. Although there was incompatibility among most of the crosses, embryo rescue and intensive 
crossing produced successful crosses. 
Forage grasses have been a target for interspecific hybridisation to improve traits (Aguilera, et al., 
2011, Arcioni, et al., 1983, Hunt, et al., 1989, Wilkins, et al., 2003). A prominent early study in New 
Zealand was the development of the well-known New Zealand short-rotation ryegrass, derived from a 
cross of Lolium multiflorum (Italian ryegrass) × Lolium perenne (perennial ryegrass) (Corkill, 1945). 
The hybrids have been successful in having the rapid and high production from Italian ryegrass and 
the better persistence and winterhardiness of perennial ryegrass (Arcioni, et al., 1983, van Dijk, 1979). 
Early work from Takamizo, et al. (1991) demonstrated that Tall fescue (Festuca arundinacea Schreb.) 
and Italian ryegrass (Lolium multiflorum Lam.) could be crossed and produce hybrids. The hybrids 
were the first flowering intergeneric somatic hybrids developed in Gramineae. In New Zealand, 
Widdup, et al. (1992) produced ryegrass hybrids between wild ecotypes and New Zealand or European 
cultivars. The hybrids showed improved cool season activity and summer quality.  
Increased tolerance to drought has been a major breeding target for forage grass hybridisation 
(Durand, et al., 1997). Perennial ryegrass is a common pastoral grass but suffers under climate 
extremes. Macleod, et al. (2013) hybridised perennial ryegrass and Festuca pratensis (meadow 
fescue). The resulting hybrids reduced rainfall runoff through the initial large root system that is 
rapidly produced. The phenotype of the hybrids shows promise for continuing production under 
changing climate conditions.  
Medicago sativa (alfalfa) is a species of interest for hybridisation with related species. Several 
commercial varieties including Ranger, Vernal and Magnum alfalfa have all been developed through 
hybridisation. Commercial alfalfa hybrid varieties show large increases in genetic gain compared to 
non-hybrid varieties (Wiersma, 2001). The first hybrid in alfalfa was developed in 1940. Since then 
there have been many studies investigating the species that can be introgressed into alfalfa (McCoy, 
1985, McCoy, et al., 1986, Nenz, et al., 1996), and produce hybrids that have increased performance 
(McCoy, et al., 1984).  
2.7 Summary 
Like many major crops around the world, the future of Trifolium breeding in New Zealand will have 
significant challenges. As the global human population increases, so will the intensification of 
agriculture. Breeding targets will encompass pest and disease resistance while increasing forage 
 22 
quality and production. At the same time, there are the looming sustainability goals of countries that 
aim to have a minimal environmental footprint.  
The history and challenges of Trifolium breeding can provide context as to why there has been a slow 
rate of genetic gain. The development of populations, such as Trifolium ISHs, that perform in adverse 
conditions could utilise the nitrogen fixating ability of the Trifolium species and reduce farm input. 
Utilising germplasm will become exponentially valuable to meet the national and global goals of 
productivity and sustainability. Both the public and private sectors will have to work in harmony to 
reach these goals, utilising novel and new germplasm and developing innovative methods to adopt into 
breeding programmes. 
Although germplasm centres are crucial to the security of agriculture globally, there has been limited 
research on the deep characterisation of the accessions held in the genebanks. Pedigree analysis and 
GWAS are techniques to develop an understanding of the variation present in populations and the 
combination of both, has increased the power of studies and developed new methods of interrogating 
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3.1 Introduction 
White clover (Trifolium repens L.) is broadly grown in northwestern Europe and is also grown in 
association with ryegrass in New Zealand and this combination dominates New Zealand pastures. New 
Zealand has the highest export share of white clover globally at 57.5% (Rattray, 2005). Approximately 
4000 t of ‘Grasslands Huia’, a New Zealand-bred white clover cultivar, was exported to the United 
Kingdom in 1980, and 1000 to 1300 t of white clover seed is sown annually in domestic pastures. 
White clover has an outcrossing mating system with a gametophytic self-incompatibility system, both 
leading to high heterozygosity (Abberton, 2007, Williams, et al., 2012). As a highly heterogeneous 
and diverse species, a platform to monitor the pedigrees is useful (Barrett, et al., 2004, Williams, et al., 
2012). Over decades, the aims and goals of white clover breeding have changed due to environmental 
pressure and market requirements requiring greater physiological and morphological responses to the 
target environment (Brock, et al., 1989). For example, dry stock farming in New Zealand was in high 
demand from 1870 to 1920. The improvement in production of yield came mainly from expanding 
land usage and utilizing soil fertility (Woodfield, et al., 1994), but in the 1990s, New Zealand 
agriculture introduced pivotal farm cultural practices in conjunction with pasture management to 
increase pasture performance (Brock, et al., 1989, Woodfield, et al., 1994). 
Depending on the objectives of a breeding program, different strategies are adopted to release a 
cultivar. Many methods have been used in white clover breeding throughout history in New Zealand 
and worldwide. Mass selection (Wricke, et al., 1986) and recurrent phenotypic selection are examples 
of common strategies (Caradus, et al., 1998b, Mercer, et al., 2000, Mercer, et al., 1999, Woodfield, et 
al., 1994, Yamada, et al., 1989). Polycrossing is often used in forage species that display heterosis, 
where parent clones are grown in isolation and are all pollinated together. The progeny are often 
combined and tested (Taylor, 2008). However, pollen flow is uneven and the larger the increase in 
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distance between the male and female genotypes, the lower the chance of successful fertilization 
(George, 2014). This method is suitable for complex traits if progeny testing is included in the strategy 
(Taylor, 2008). The outcrossing nature of white clover means that breeding strategies such as mass 
and recurrent selection use the available variation in the genetic material, while decreasing the risk of 
inbreeding depression. Although gains continue to occur in white clover breeding (Hoyos-Villegas, et 
al., 2019, Woodfield, et al., 1994), the genetic consequences of breeding strategies are difficult to 
assess, particularly if strategies are executed as closed systems with no new genetic variation 
introduced over long periods of time. 
Pedigrees are often used as a conventional method to monitor breeding crosses and population 
structure in populations of both plants and animals (Navabi, et al., 2014). Pedigree analysis is an 
important and often essential tool to visualize and describe the population structure and genetic 
diversity within a population. Molecular tools are being used frequently in mixed models alongside 
pedigrees (Valera, et al., 2005) in genome-wide association and genomic selection studies (Chen, et 
al., 2017, Yu, et al., 2006, Zhao, et al., 2011). Although many efforts are focused on conservation 
breeding program, there is a need for pedigree analysis in breeding programs for plant cultivar 
development with heavy selection pressure (Jones, et al., 2010). This is particularly the case, if these 
programs are heavily reliant on germplasm collections. With the advancement in marker and next 
generation sequencing technologies, there are now methods to analyze relatedness and population 
structure by using genetic marker data. However, genetic diversity bottlenecks in germplasm stored in 
gene banks and the capacity and costs associated with genotyping large numbers of individuals or 
populations may limit the power of these studies. Therefore, information on population structure and 
relatedness can serve as an appropriate tool in prioritizing plant breeding and genetics efforts. Pedigree 
analysis has never been performed for a white clover collection in New Zealand or anywhere in the 
world thus far; the closest source of this kind of information can be found in Caradus, et al. (1997b). 
The authors in that publication compiled a checklist of white clover cultivars, indicating their 
parentage and some attributes that relate to the release. However, no relatedness data or quantitative 
analysis were associated with the handbook. 
Safeguarding germplasm is the most inexpensive and efficient method of genetic conservation of wild 
germplasm of agriculturally valuable plants. The MFGC hosts New Zealand’s and international 
germplasm of forage and pasture plants. The mission of the MFGC is to avail a broad range of genetic 
diversity in the form of seeds to provide a spectrum of new forage traits to the future breeding 
programs. The most collected species are the commercially prioritized species for cultivar 
development by breeders worldwide and specifically in New Zealand such as white clover. Still, the 
forages of the future are also included in collecting and exchange programs and should receive more 
attention in the future. The MFGC conserves and occasionally regenerates accessions of wild 
germplasm, domestic and naturalized germplasm, bred lines, and pre-breeding material. This diverse 
collection makes MFGC unique among other forage collections around the globe. 
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We used historical pedigree data from the white clover collection maintained at the MFGC in 
Palmerston North, New Zealand. The objectives of this study were (i) to create a pedigree map of the 
collection, (ii) to identify founding accessions and determine the effective number of founders, and 
(iii) to detect patterns affecting inbreeding and kinship. 
3.2 Materials and Methods 
3.2.1 Data filtering 
The term “accession” is used to refer to any seed material entered into the MFGC with an 
identification number. The terms “Grasslands cultivar” and “Other cultivar” refer to cultivars that were 
bred and released by different organizations. “Grasslands cultivars” are all cultivars that were 
trademarked under the “Grasslands” trademark. “Other cultivar” refers to cultivars bred worldwide by 
other organizations and are not trademarked as “Grasslands.” 
To date, the MFGC database holds data for 26,703 accessions of white clover from 40 countries. 
These accessions were recorded over a timeframe of 75 yr, from 1941 to 2016, using a range of 
breeding techniques including poly and biparental crossing. Of this total number, 13,687 accessions 
(Figure 3.1) were used in the construction of the pedigree map using Helium, a software that allows 
the pedigree visualization of large pedigrees (Shaw, et al., 2014). Accessions were categorized to 
different subsets based on missing data (1633 accessions), their specific lineage as part of breeding 
efforts (e.g., seed increases and isolated nodes in the pedigree were not included; Figure 3.1). A total 
of 12,154 accessions were used for the derivation and analysis of relatedness and kinship parameters. 
These accessions were selected based on the type of cross they involved (e.g., biparental crosses), 
whether they had full or half parentage indicated, and whether they had decipherable parental 
information (Figure 3.1). Polycrosses were excluded from the parameter analysis subset because 
polycrosses do not fit the allele frequency expectations of biparental crosses; as a result, the 
assumptions for the calculation of inbreeding and kinship values would be underestimated. The data 
structure was: accession ID, Parent 1, Parent 2, accession date, seed weight, and country of collection. 




Figure 3.1 Flowchart of the subsetting steps used to filter the Trifolium repens accessions used in 
this study. 
Founders were defined as the first accessions in 1941 that had no parentage listed, assuming no 
breeding had occurred. Every other accession introduced into the database after 1941 was considered 
as an introduction. Likewise, parents with high contributions to pedigree size were declared as those 
having families with >50 full or half-sib families. The 50-offspring cutoff was defined arbitrarily as a 
value well above the mean number of families. 
3.2.2 Data analysis 
The number of offspring, kinship, and inbreeding was calculated by the R package ‘pedigree’ (Coster, 
2015). Kinship was calculated by using the pedigree information and using a recursive application of 
the two formulas: 
( )1 2 1yy y yF Fm f= +
 [1] 
( )1 2xy xmy xfyF F F= +
 [2] 
where F is the coefficient of inbreeding, and the kinship of two individuals, given x is not a descendant 
of y, is Fxy. In Eq. [2], Fxy = 0 when x and y are both from the founder population (Fernando, et al., 
2006). The two genes, one from each parent, at a given neutral locus inherited randomly, are 
transcribed as my and fy of y. To quantify the relationship between my and fy, the coefficient of kinship 
is calculated between the two genes. The coefficient of kinship of y with itself is Eq. [1]. The kinship 
coefficient between x and y is Eq. [2]. Influential parents were defined as accessions with the highest 
mean kinship (k) within their corresponding cluster. 
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A heat map was used to visualize the relatedness pairwise comparisons of the population among the 
12,154 accessions (Figure 3.2a). A dendrogram was used to represent the clustering of the population 
based on kinship coefficients (Figure 3.2b). Important ancestors were identified as the accessions with 
the highest mean kinship found at the 22,500 distance coefficient on the dendrogram. This was 
confirmed by pedigree lineages. 











The unconditional probability that y is heterozygous at any given locus is symbolized by H. The 
conditional probability that y is heterozygous at a given locus where the genes are not identical-by-
descent is symbolized by Ho  (Fernando, et al., 2006). Founders were not included in the kinship or 
inbreeding analysis, as they did not have pedigree data associated with their records. The effective 










where pi is the proportion of the genes of the living, descendant population contributed by founder i 
(Lacy, 1989). 
The dataset used on the calculation of fe was the full parental dataset of T. repens, containing 5727 
accessions (Figure 3.1). Only accessions with full parental data and original founders were used. 
Attempts to use the full dataset including half parentage did not result in a reliable (inflated) estimate 
of fe. 
3.3 Results and Discussion 
3.3.1 Pedigree map size and complexity 
Between 0 and 15 generations were traced. Of the 13,687 accessions, 4724 (34.51%) had full 
parentage, 7430 accessions (54.29%) had one parent listed, and 1533 accessions (11.20%) had no 
parentage listed. There were 11,643 terminal lines identified in the pedigree. Terminal lines are 
defined as lines that are at the end of a lineage. Completeness of parentage (COP) across the entire 
map was generally high. The COP is defined as how complete the immediate pedigree for the 
accession was (i.e., one, two, or no parents listed). The COP for each accession was assessed for 16 
generations. The mean COP for the reference population was 72%. Generations 5, 13, 14, and 15 had a 
mean COP of >80%. In general, when the number of accessions per generation decreased, COP 
increased (Figure 3.3). Within the pedigree map, we identified five notable parents, which contributed 
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a substantial number of progenies to the overall population. The mean offspring number for the whole 
population was 5.14, and of the accessions with offspring, the mean was 39.52. The node sizing 
feature of Helium was used, which is based on the contribution of an accession to the overall 
population. The five parents with the largest nodes on the pedigree map, indicating the largest amounts 
of offspring were for C2413 (243 offspring), C6525 (181 offspring), C10850 (305 offspring), C15117 
(236 offspring), and C19756 (151 offspring). As parents, these accessions made the largest 
contributions to the pedigree.  
Accession C2413 is an accession that arose from a polycross of C72, C759, C792, C809, and C822 
and contributed 243 progeny to the population. The progeny from accession C2413 were used to 
create a further six generations in the population. Included in the third generation was the accession 
C6525, contributing 181 progeny, and it arose out of a pairwise cross from C4748 and C4785. 
Accession C10850 had no listed parentage and contributed 305 offspring to the population. C15117 
was an introduction from Spain and contributed 236 progeny to the population. Out of the 236 
progeny only C18732 was advanced for selection and produced accession C22640, which in turn 
produced four terminal accessions: C24250, C22938, C24252, and C24251. Accession C19756 was 
the progeny of C10576 and produced 151 offspring; 19 of these progeny carried on for further 
breeding. 
Accession C15117 was frequently used as a parent in the early stages of white clover breeding. 
Originating from Spain, it produced 236 accessions, making it one of the most important parents 
recorded. The drought-tolerant phenotypes often produced in the Mediterranean countries are 





Figure 3.2 The kinship heat map of white clover populations used in this study (a). Dendrogram 
drawn based on a distance matrix of Trifolium repens L. pedigree data (b). Accessions 
on cluster and sub-cluster are the proposed ancestors and influential parents with the 
highest average kinship value within a cluster. The solid black line indicates the 
distance for separating clusters. The number of accessions in each cluster is indicated 




Figure 3.3 White clover collection pedigree data used in this study with the number of accessions 
and average completeness of parentage per generation across the entire pedigree map. 
In the 1940s, there were 22 accessions introduced into the MFGC, all naturalized in New Zealand. The 
1950s saw two introductions from Spain and 10 from New Zealand. The 1960s was a decade when the 
range of geographic origin of introductions rose sharply, indicating the importance of germplasm 
collecting trips. Accessions were collected from a total of 15 countries, with France, Israel, Morocco, 
Spain, Lebanon, and Turkey (Figure 3.4) as the most represented countries in the collection. 
Figure 3.4 shows the number of white clover introductions into the MFGC for the decades 1950 to 
2010. In the 1970s, there was a total of 36 countries contributing to introductions, with France, 
Germany, Greece, Iran, Israel, Italy, Portugal, Spain, Sweden, Turkey, and the United States 
contributing to 48.23% of the number of collections. Collections also increased within New Zealand 
with 182 (37.83%) out of a total of 481 accessions introduced. This pattern carried into the 1980s, 
where although the number of countries was reduced to 17, the number of accessions was higher, and 
that included 544 (58.12%) accessions originating from New Zealand. Other countries were Portugal, 
Spain, and Australia, highlighting the awareness of the requirement to collect diversity from countries 
with arid environments to enhance adaptation to abiotic stress. In the 1990s, a dramatic increase in 
collections from the United States, 149 accessions (40.82%) out of a total 365, as well as collections 
from 27 countries, was recorded. The 2000s and 2010s were representative of a leveling-off period in 
collecting missions and small increases across several countries, with a noticeable increase in local 
breeding activity. A total of 294 introductions were collected in the 2000s, and 212 were collected in 
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the 2010s. The only significantly large introduction in the 2010s was from Russia, where 112 
(52.83%) introductions were collected. 
 
Figure 3.4 The total number of white clover introductions into the Margot Forde Germplasm 
Centre across the decades used in this study and the geographic origin of the 
introductions from the decades 1950 to 2010. 
The peak in both the New Zealand and international introductions was in the 1980s (Figure 3.5a). 
From the 1990s onward, fewer accessions were collected from New Zealand compared with 
international collections. Biparental and single crosses were a common method, whereas polycrossing 
was rare (Figure 3.5b), with a peak of the practice in the 1990s. 
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Figure 3.5 (a) The number of international and domestic white clover accessions introduced into the Margot Forde Germplasm Centre per decade between 
1940 and 2016. (b) The number of polycrosses and biparental crosses performed per decade. (c)  The number of accessions from foreign 






The idea that there is untapped variation in wild germplasm that can be brought into germplasm 
centers and breeding programs has motivated the interest in collection trips globally (Hawkes, 1977, 
Richards, et al., 2010). The numbers of introduced accessions show that wild germplasm has been 
traditionally recognized as an important source for breeding white clover in New Zealand (Figure 3.4 
and 3.5a). Accession C40 was a founding ancestor of the Trifolium repens L. section of MFGC 
classified as “wild” and greatly influenced a large proportion of the structure of the collection. 
Many of the influencing ancestors of the population can be traced back to introduced germplasm from 
various countries, showing the influence of wild germplasm (Figure 3.5c). With increased biosecurity 
laws, early collection trips provided a wide base of available plant genetic resources. Further 
expansion of the collection will enable breeding high-performing white clover cultivars to address the 
future challenges of agriculture. 
3.3.2 Offspring distribution 
Of the 12.9% of accessions that had recorded progeny, offspring number ranged from 1 to 7,356. The 
mode of the progeny count distribution was 0, and the mean was 5.14. When accessions with 0 
offspring were excluded, the mode was 1 and the mean was 39.52. Inspection of the pedigree maps 
and offspring distribution suggested that accessions with the highest usage as parents resulted in 90 
parents with >50 offspring. Influential parents were introduced across a wide range of years, and no 
geographical collection data were available for these accessions. The year with the highest number of 
influential parents (9) was 1941, and the most prominent decade was the 1980s with 26.67% of 
influential parents, closely followed by the 1970s with 22.22%. 
There were 12 accessions that had >1000 offspring, ranging from 1359 to 7356 offspring, with six of 
the accessions coming from the 1970s. Accessions C72 and C1067 were the two most influential 
parents in that decade. Accession C72 was referred to as ‘North Canterbury type 1’, a white clover 
with a desirable phenotype, and C1067 was an introduction from Spain. C72 had 2860 offspring, and 
C1067 had 7356 offspring. 
3.3.3 Founding ancestors and influential parents 
Founders and founder effects 
Founders are defined here as accessions that initiated a population (Ladizinsky, 1985). A total of 34 
accessions from 1941 were found in the white clover germplasm database as having no recorded 
parentage and were thus declared as founder accessions. 
The overall mean relatedness and inbreeding level of the MFGC white clover collection was <4%. 
Also, visual inspection of the pedigree map did not result in any obvious bottlenecks. However, 
confirmation of bottlenecks or founder effects using marker data would be required (Reynolds, et al., 
2013). The majority of the introductions were made between the 1970s and 1990s (Figure 3.5a). This 
 34 
agrees with Figure 3.6, as the kinship and inbreeding levels decrease when the population reaches the 
1990s, possibly due to new germplasm integrated into breeding programs. 
 
Figure 3.6 The trend in average and cumulative kinship and inbreeding in Trifolium repens L. 
accessions used in this study across eight decades. 
The earliest literature contains reports of ‘Type 1’ white clover, an ecotype that was certified and 
commercially produced in 1930 (Caradus, et al., 1996c). Three additional ecotypes were also 
collected, presumably around the same time. Subsequent reselections from these four early ecotypes 
were recorded under their respective types. When white clover breeding was first recorded, ‘Type 1’ 
germplasm performed above the three other types of white clover (Brock, et al., 1989). Most 
prominently, a breeding program was created to reselect and perform crosses from the commercialized 
‘Type 1’ ecotype population until 1957, where a final selection was completed. This selection was 
named ‘Grasslands Huia’ in 1964 and is a current cultivar to date. To clarify, “type” will hereafter 
refer to accessions belonging to a particular group rather than the original ecotype collected. 
The four main types of white clover found in New Zealand pastures were identified among accessions 
in our study through differences in genetic distance. Type 1 was ‘New Zealand Wild White No.1’, a 
medium-leaved, productive perennial. Type 2 was ‘New Zealand Wild White No. 2’, a small-leaved 
perennial that was less productive than Type 1. Type 3 was ‘Ordinary New Zealand White’, a 
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medium-leaved, nonpersistent clover. Type 4 was ‘Lax early-flowering New Zealand and ordinary 
European’, a small-leaved, nonpersistent type (Brock, et al., 1989). 
Of the 20 founders that were associated with Types 1, 2, 3, or 4 in the database, 14 were associated 
with ‘Type 1 clover’. Direct parentage in the pedigree indicated that Type 1 was a class to which 70% 
of the founders belonged. The remaining 14 founders were not associated with any particular type. 
Interestingly, 13 of the 34 founders were collected from regions in New Zealand such as Hawkes Bay, 
Canterbury, Whenuakura, and Southland. Hawkes Bay was the most common collection site, with 
nine founders associated with the region. Hawkes Bay is a temperate region of New Zealand but is 
prone to localized and widespread drought. Being a coastal region, extreme weather patterns are 
common and strong winds often contribute to erosion in paddocks (Mullan, et al., 2005, Thompson, 
1987). Hawkes Bay would then have been an environment with high natural selection pressure 
suitable for finding white clover germplasm with abiotic stress tolerance. 
Out of 34, three founders resulted in distinct lineages associated with highly influential parents with 
high mean k values. Interestingly, accession C40 was known as ‘North Canterbury Type 1’ and was a 
founder of the original breeding efforts from 1941, collected from the Canterbury region in New 
Zealand. The impact of the elite Type 1 parents was significant, as C40 was the ancestor of the 
accession that had the largest influence over the whole population. Accession C40 was a founder and 
produced 51 direct dependent accessions. 
The accession C43 was a founder in the white clover breeding population introduced in 1941. It is 
described as phenotypically similar to Types 1 and 3 white clovers. Accession C43 contributed 17 
progeny to the population, as evidenced from its diverse pedigree. The 17 progeny went on to become 
successful populations themselves, leading to a greater number of indirect progeny. 
Accession C63 was known as ‘Imported Kent Type 5’ and was a founder of the original breeding 
efforts introduced in 1941. It originated from Kent, UK. Kent is one of the warmest parts of Britain; 
however, it is prone to high winds and as it boards the River Thames and the North Sea to the north, 
and the Straits of Dover and the English Channel to the south, it can be prone to flooding. These 
climatic conditions along with the political relationship between New Zealand and England were also 
a reason why this accession influenced breeding efforts. 
Influential parents 
Mean kinship values suggested that there were six highly influencing parents in the population 
structure (Figure 3.2b). The first influential accession was C121 with k = 0.059 (Cluster 2 in Figure 
3.2b). The parentage shown for C121 is C104/C101. The parentage for C104 is C64/C40, and the 
parentage for C101 is C63/C40. 
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Another influencing ancestor was accession C7743 (k = 0.016), which divided the cluster from C121 
(Cluster 1 in Figure 3.2b). In the pedigree, the earliest parentage that could be traced back for C7743 
was C963/C40. Accession C963 was collected from Spain but harvested in Australia in 1951. The 
phenotype of a plant traditionally adapted to semiarid environments such as Spain and Australia was 
beneficial for breeding programs targeting drought-tolerant traits (Cattivelli, et al., 2008). 
Accession C23964 (k = 0.013) was an influential parent (Cluster 4 in Figure 3.2b) in that it had two 
parental cultivars listed, ‘Crusader’ and ‘Kopu II’ (Caradus, et al., 1997b). Both of these cultivars are 
Grasslands cultivars. ‘Grasslands Kopu II’, formerly known as ‘Ranger’, was developed from 
persistent genotypes that were identified in the fourth year of a trial under rotational sheep grazing. 
Crusader was bred from pair crosses from five ‘Crau’ genotypes and six genotypes from Syria, which 
had been identified as having desirable drought tolerance capabilities and high dry matter yield 
(Woodfield, et al., 2001b). 
Accession C18977 (k = 0.012) was an influential accession and had a large pedigree (Cluster 6 in 
Figure 3.2b). Accession C18977 was listed in 1996 and arose out of C9473/C12186. This accession is 
in the same pedigree as C121. The founder C40 and another early accession, C72 (another progeny of 
C40), were in the ancestry of C18977. These two accessions both fall under the ‘North Canterbury 
Type 1’ category, emphasizing the role that the Type 1 class had in population structuring. 
Accession C21996 (k = 0.009) was the final influencing ancestor found in the dataset (Cluster 5 in 
Figure 3.2b). The parentage was C19756/C8421, with the earliest recorded ancestors 
C4145/(C11225/C11248). Accession C4145 was an introduction from Blonei, Poland, in 1978 and 
only produced one recorded progeny, C8421, which went on to produce 56 progenies. 
As can be observed from the size of Cluster 3 in Figure 3.2b, accession C24138 was the least 
influential parent with k = 0.006; it had the parentage of C19756/C21047. 
The main result from finding influencing ancestors (Clusters 1, 2, and 6 in Figure 3.2b) was the impact 
of accessions associated with the ‘Type 1’ phenotype. The accessions bred from parents derived from 
this class influenced the population structure strongly. The founders, although not directly producing 
large amounts of progeny, produced high-performing offspring that continue to result in many 
commercial cultivars. Second, downstream of the dendrogram, clusters started to diverge based on 
geographic origin and plant breeder decision-making patterns. There are some clear distinctions where 
the geographic origin and the relevant desirable phenotype would influence the structure, such as 
accessions introduced from the Mediterranean. In contrast, Cluster 4 in Figure 3.2b is represented by 
germplasm released by a single plant breeder selecting material. Eight cultivars were found in Cluster 
4, containing 12% of the total population. 
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Effective number of founders 
There were 5727 accessions analysed, subset based on full parentage plus founder data. A total of 
1004 accessions were identified as founders and 4723 accessions were identified as descendants. The 
estimated fe was 175.68, indicating the number of founders needed to recreate the population with the 
same amount of genetic diversity. Figure 3.7 shows the trend in fe across decades. The fe value 
increases proportionately when the number of founders increases. However, it increases at a faster rate 
when there is a large reduction in the number of founders. In 1970, there were 310 founders and an fe 
of 29.28, compared with 1980, when there were 212 founders and an fe of 64.22. Cumulatively, fe 
remained stable between 1940 and 1970, before an increasing rate between 1970 and 2000 and then a 
decreasing rate in 2010. This may be due to a large number of crosses performed between 1970 and 
1990. Large numbers of crosses showed that as the population size increased through breeding, new 
introductions declined. As a consequence, the influence of founding accessions was reduced as genetic 
distance increased between founders and offspring multiple generations downstream. 
 
Figure 3.7 The per-decade effective number of founders (fe) and cumulative across decades in 
contrast with the reference number of founders with full parentage recorded in the 
Trifolium repens L. collection studied. 
Estimates of fe are useful in predicting future changes in genetic variability (Hamann, et al., 2008). The 
resulting fe was 17.50% of the total number of reference founders. A lower number of effective 
founders relative to the number of reference founders indicates that the contributions of individual 
reference founders towards the genetic makeup of the population is low. A degree of redundancy in 
the contributions among founder groups was found, likely between founders from similar genetic 
background. Some level of redundancy in germplasm collections can serve as a means to minimize 
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risk of allele loss and increase of inbreeding level in further generations. In practice, our estimate of fe 
is also affected by a population with a small group of founders with large contributions. 
Interestingly, the effect of an increase in the number of reference founders in a given decade was 
followed by an increase in fe one decade later. For example, in the 1970s, there were 310 reference 
founders with an fe of 29.28. In the 1980s, there was a decrease in the number of reference founders 
(212) but a rise in fe (64.22). This is shown again in the 1990s, when the number of reference founders 
rose to 301 and there was a steady fe of 63.17, likely caused by the drop in reference founders in the 
previous decade. However, in the 2000s, the fe rose to 92.15 as a consequence of an increase in 
reference founders in the previous decade. The fe then stabilized in the 2010s due to no further 
increases in reference founders in the prior decade. 
The impact of founders and introductions on the genetic structure of white clover populations at the 
MFGC was largely unknown. Without the conformation of a pedigree map, the derivation of 
inbreeding and kinship coefficients and the visualization of the relatedness in a dendrogram, the 
population structure and relationships within would be unknown. With this information, the impacts 
and results of human decision-based breeding over the decades can be evaluated, better information 
will be available for future planning, and germplasm exchange efforts will be improved. 
With increased use of next-generation sequencing, information on population structure remains a key 
piece of information to guide germplasm surveys and genomic selection efforts. The effectiveness of 
genomic selection relies on high prediction accuracies. To predict the performance of genomic 
selection models, it is often useful to simulate prediction accuracies by applying expected prediction 
accuracy estimators. Often, expected prediction accuracy equations contain a term that requires the 
number of independent chromosome segments or the effective number of loci (Me). The Me term is 
partially defined by an estimate of the effective population size. An extension of the fe estimate would 
allow for an accurate and empirical determination of effective population size (Ne) over a large sample 
population to be used in genomic selection program planning. 
3.3.4 Diversity and inbreeding 
Diversity 
A total of 73,865,935 pairwise combinations were calculated for kinship coefficient. The values 
ranged from 0 (no relatedness) to 1 (full relatedness). A heat map was used to visualize the relatedness 
across the population (Figure 3.2a). The black diagonal represents the perfect relationship of each 
accession with itself, and the symmetric of diagonal elements represent kinship measures for pairs of 
accessions. Relatedness is indicated by color intensity. Overall mean relatedness was k = 0.002. The 
yellow or red clusters in Figure 3.2a represent high relatedness clusters—for example, C1061/C480 (k 
= 0.75), C1042/C703 (k = 0.562), C2146/C1863 (k = 0.531), and C104/C64 (k = 0.5). 
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A total of 5529 accessions (45.49%) had a mean kinship of 0, whereas 6625 accessions (54.51%) had 
a kinship level of <0.2, 96.5% had 0 relatedness, 3.49% had indirect relationships, and 0.01% had half 
or more kinship. These kinship values indicate that genetic relatedness within the germplasm 
collection is low. 
A total of 96.5% of the pairwise combinations had 0 relatedness, and when all possible combinations 
were mean per accession, 45.49% showed kinship levels of 0. Accessions that had a mean kinship of 0 
in both datasets may show promise for the exploration of divergent parental combinations. 
In T. repens, inbreeding depression has been proven to affect some morphological traits. Michaelson-
Yeates, et al. (1997) used inbred lines of white clover, utilizing the self-fertility (Sf) allele. It was 
noted that only half of the hybrids showed positive heterosis, and no other trait showed significant 
heterosis. However, the degree of heterosis was related to the extent of variation in morphological 
characters between the parental lines. Nichols, et al. (2007b) assessed the impact of inbreeding 
depression on nodal root system morphology. The roots became shorter and thicker, but the root 
architecture was largely unaffected; however, there was reduced nutrient uptake efficiency compared 
to the parent clover. These studies emphasize the risk that is associated with inbreeding depression in 
white clover. 
Although both of the studies above show that in white clover inbreeding is deleterious to some 
morphological traits, it should be acknowledged that when monitored and used correctly, inbreeding 
can lead to increased genetic gain. Inbreeding can unmask positive recessive genetic variation and can 
be used to remove unfavorable genetic load (Humphreys, 1997, Rotili, 1991). Hybrid vigor has been 
shown in crosses between inbred lines (Michaelson-Yeates, et al., 1997). Atwood (1945) used inbred 
lines produced by the self-fertility allele, and positive heterosis for dry matter production was seen in 
half of the hybrids. 
Accession membership to Clusters 1, 2, and 6 can be largely explained by country of origin in Figure 
3.4. Cluster 1 had exclusively accessions from New Zealand (22). Cluster 2 had the largest diversity of 
countries: Turkey (16 accessions), Portugal (2 accessions), Italy (2 accessions), Spain (2 accessions), 
Germany (1 accession), Denmark (1 accession), Sweden (1 accession), and Poland (1 accession). 
Cluster 3 had 28 accessions from Turkey, 9 from Spain, 10 from Portugal, 30 from Georgia, and 15 
from Armenia. 
Inbreeding 
Inspection of the overall pedigree suggested no visible bottlenecks occurring, which relates to the low 
inbreeding coefficients found. The mean inbreeding level was 0.39%, and among the accessions with 
nonzero inbreeding coefficient, the mean was 8.83%. The frequency of inbreeding within the inbred 
accessions peaked at both coefficients 0.04 and 0.13. Among the accessions with nonzero inbreeding 
coefficient, the highest level of inbreeding was 0.33 and the lowest was 0.0002. Across the whole 
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dataset, 11,624 accessions (95.64%) had an inbreeding coefficient of 0, whereas 530 accessions 
(4.36%) showed inbreeding. 
The trend in inbreeding from 1940 to 2010 shows that from 1940 to 1960, there was an initial increase 
in inbreeding of 0.0018. From 1970 to 1990, the steepest increase in inbreeding was found at 0.009. 
There was an increase from 1990 to 2000 of 0.0013, before another increase of 0.0024 from 2000 to 
2010 (Figure 3.6). 
The genetic consequences of inbreeding in outcrossing species can be adverse. Due to the high levels 
of heterozygosity, most outcrossing species carry a high genetic load of deleterious alleles and suffer 
from severe inbreeding depression (Jones, et al., 2010). Inbreeding depression is the reduced fitness of 
a population as a result of inbreeding, where the recessive alleles increase in frequency but are less 
favorable than the dominant alleles, resulting in a reduction in performance. 
Inbreeding depression has severe effects in alfalfa (Medicago sativa L.). Wilsie (1958) showed that 
one generation of selfing resulted in a mean loss of 20 to 30% in vegetative vigor and 80 to 90% in 
self-fertility. Dessureaux, et al. (1969) investigated the pattern of inbreeding depression in two specific 
alfalfa genotypes and the impact on the first-generation hybrid as the parents became more inbred. 
Inbreeding depression increased in each generation, and by the third generation, the progeny had 
practically become self-sterile. In contrast, Busbice, et al. (1966) observed a 30% reduction in forage 
yield in alfalfa. 
Acquaah (2012) indicated that mating systems such as half-sib mating, full-sib mating, and 
backcrossing can increase inbreeding. Autopolyploids have multiple alleles and can accumulate 
deleterious alleles that may not show up until later generations. Inbreeding depression is usually more 
severe in autopolyploids than in diploids; however, the rate to homozygosity is much slower in 
autopolyploids. 
3.3.5 Commercial cultivar development 
The dendrogram in Figure 3.2b shows six significant clusters and 10 breeding pools occurring in the 
population. To assess the impact of the MFGC white clover collection in the development of 
commercial cultivars of interest to research and industry, accessions associated to the title of 
“Grasslands cultivar” or “Non-Grasslands cultivar” were extracted from the relatedness data. 
Cluster 4 in Figure 3.2b had 37 accessions linked to commercial cultivars. The accessions in Cluster 4 
were introduced between July 1996 and January 2016. The geographic origin of commercial 
accessions within Cluster 4 was confined to Australasia, with agronomic traits common to Australia 
and New Zealand that influenced the divergence of clusters. Eight accessions (C26366, C26367, 
C26368, C26594, C26794, C27071, C27072, and C27073) in Cluster 4 had specific commercial 
cultivars listed in their data. These cultivars were all listed within 4 years of each other, and common 
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phenotypic characteristics between these cultivars were found (Table 3.1). Six out of the eight 
cultivars were medium leaved, and another six were also bred with persistence as a breeding objective 
(Beuselinck, et al., 1994). 
Table 3.1 Table of the eight commercial cultivars clustered in cluster 4 in Figure 3.2b and their 
key attributes (GrasslanzTechnology). 
Cultivar Key attributes 
Grasslands™ Legacy Large leaved, high growth and persistence. 
Grasslands™ Tribute Medium to large leaved, tolerant to clover root weevil, high stolon 
density:leaf size ratio. 
Grasslands™ Nomad Small to medium leaved, high persistence. 
Grasslands™ Bounty Medium leaved, high yield and persistence, and high stolon density. 
Quest Medium to large leaved, high tolerance to clover root weevil, frost 
tolerance. 
Durana Medium leaved, high persistence, low-growing. 
Avalon Small to medium leaved, high stolon density. 
Grasslands™ Patriot Medium to large leaved, high persistence and yield. 
 
The majority of New Zealand white clover cultivar releases thus far have occurred between the years 
of 1970 and 1990, and the increase in cultivar release in these decades is evidenced by the 
contributions of the number of introductions over the same decades, as shown in Figure 3.5c. Patterns 
of introductions and releases peaked in 1990 and decreased thereafter. The historical patterns shown in 
Figure 3.5c are evidence of the direct relationship associated with the role that germplasm centers and 
collections play in the development of elite cultivars for farmers. 
The biological and economic importance of white clover germplasm and breeding to the New Zealand 
pastoral sector is immense, with high recognition during the 1990s. Mather, et al. (1996) reported that 
the 1994 Organisation for Economic Cooperation and Development (OECD) Register listed 93 white 
clover cultivars, with a further 25 to 30 cultivars also known to commerce. Therefore, there is well in 
excess of 100 cultivars to fill the global annual market of 8500 to 10,500 Tg. As New Zealand 
provides 50 to 55% of this seed, there is increased motivation and economic benefits to breed elite 
cultivars for the market, and germplasm forms one the foundations for cultivar development, food, and 
agriculture (Ghimiray, et al., 2017). 
To have the capacity to address climate change, pre-breeding efforts will increasingly need to rely on 
germplasm banks. Worldwide, there are now >700 seed collections holding an estimated 2.5 million 
entries (Plucknett, et al., 1987, Tanksley, et al., 1997). For example, the USDA-ARS NPGS is a major 
source for plant genetic resources worldwide. As of November 2016, the number of accessions in the 
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USDA-ARS NPGS was 576,325, representing 15,116 species, and in 2015, 239,118 of those 
accessions were distributed (Byrne, et al., 2018, Clark, et al., 1997). The United States spends 
approximately US$20 million annually on the maintenance of those collections (Tanksley, et al., 
1997). 
3.3.6 Effect of forage breeding strategies 
Frequent monitoring of breeding programs and breeding decisions prevents the creation of genetic 
bottlenecks, which limit the ability to generate new genetic variation that enables continued genetic 
gain. Our results show that albeit low, inbreeding should be paid careful attention going forward. 
Casler, et al. (1996) and Casler (1998) noted that the lack of improvement in forages despite immense 
breeding efforts can be attributed primarily to the long breeding cycle, as the majority are perennials, 
and secondly to the negative correlation between yield and many other economically important traits 
in the forages (Casler, et al., 2008). 
White clover breeding programs have mainly relied on recurrent phenotypic selection and crossing the 
most elite plants (Bell, 1977, Hill, 2014). Quantitative genetics principles applied to plant breeding 
developed in the 1940s led to the present time integration of population genetics theory into plant 
breeding programs, which led to a better understanding of the genetic architecture of traits via next-
generation sequencing (Hill, 2014). However, in order for genome-wide association studies to be 
successful, germplasm and knowledge of the population structure is crucial. 
Forage breeding around the world is mainly performed by half-sib family selection. Half-sib family 
selection reduces genetic gain by half because there is only control over the female parent. Gain can be 
doubled by selfing each parent to obtain S1, then crossing to obtain half-sibs (Acquaah, 2012, Wilkins, 
et al., 2003). These are most often crossed through a polycross mating system and are useful when 
selecting traits of high heritability. In contrast, full-sib family selection can be generated from 
biparental crosses using parents from the base population. The families are evaluated and the elite 
families are selected. The half-sib/full-sib family selection has a number of merits; it has been in place 
for a long period of time and produced numbers of cultivars, also it is cost effective and resource 
efficient (Acquaah, 2012). Although straightforward and cost effective, it does not capture the full 
variation and potential in the population. Reciprocal half-sib selection, also known as reciprocal 
recurrent selection, is a strategy for interpopulation improvement; two diverging populations are used, 
and each population is used as a tester to evaluate the other. Reciprocal full-sib selection is used for 
interpopulation improvement for species where the commercial product is hybrid seed. The selection 
cycle is completed in the fewest number of seasons by using plants from which both selfed and hybrid 
seed can be obtained (Fehr, 1991). 
Casler, et al. (2008) and Hoyos-Villegas, et al. (2018) proposed theoretical gains that could be 
captured if among- and within-family selection was used in the forages. Their findings showed that 
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among- and within-half-sib-family selection is the more efficient and than family selection under all 
circumstances for any positive value of within family heritability. Among- and within-family selection 
and progeny testing are more expensive and resource intensive than half-sib/full-sib family selection. 
However, the theoretical gain that could come from using these techniques is strong enough that the 
resources used in among- and within-family selection could be justified. 
There were significant clusters that diverged from each other in our study (Figure 3.2b), most likely 
due to different selection pressures. There is both theoretical and empirical evidence that supports the 
idea that hybrids developed by crossing populations that have diverged can outyield the better 
performing parental population (Brummer, 1999). However, it is likely that without proper 
intrapopulation selection, nonfavorable alleles of strong effects will be present, and any benefits from 
additive  additive variation will not be observed. In contrast, with the right strategy, pre-breeding 
efforts aimed at generating new genetic variation in white clover will benefit from large-scale 
population structure information. 
3.4 Conclusions 
To our knowledge, this is the first study of its kind in white clover. The construction of pedigree maps 
and relevant demographic information showed that Australia, France, Germany, Greece, Italy, and 
Spain were the countries that had the most consistent introductions over the 75 yr that the MFGC has 
collected germplasm. The genetic diversity in white clover was >96%, reflected by low inbreeding 
levels. Although there was a steep increase in inbreeding from 1970 to 1990, it should be noted that 
inbreeding did not exceed 2%. Low inbreeding is a positive sign of the amount of diversity contained 
within the collection, slowing the loss of unique and favorable alleles occurring in the species if 
properly used. 
The founder accessions related to ‘Type 1’ white clover had a large influence on the population. 
Identification of founder accessions will inform future studies on the uniqueness of germplasm stored 
at the MFGC in relation to other collections worldwide. 
The results of our study allowed the visualization of historical patterns of relatedness and inbreeding 
in white clover germplasm. The ultimate aim of this process will be to increase genetic gain in white 
clover. Information obtained from population structure and breeding pools will enable opportunities to 
perform new crosses, design new breeding strategies among and within clusters, and contribute to 
better germplasm utilization. 
Increases in knowledge and application of quantitative and population genetics models in combination 
with new technologies and use of interpopulation and intrapopulation pre-breeding strategies will 
enable efficiencies in breeding. However, germplasm collection remains a critical component to 
maintain progress. 
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The limitations of pedigree analysis are largely due to the quality of the records maintained. However, 
in white clover, a group of plants are often polycrossed. Current pedigree analysis software can only 
handle two parents, excluding polycross data from analyses, and limits the scope of results. 
Overall, estimates of kinship and inbreeding indicate that the MFGC has been successful in 
maintaining and elevating genetic diversity in white clover. This achievement has been realized by 
continuous germplasm collection trips and exchange in a demonstrated relationship with cultivar 
development. Despite successful breeding efforts, the increasing demand for adaptation to climate 
change and more sustainable animal production requires better and more aggressive utilization of 
white clover germplasm in the future. 
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Chapter 4 
Identification of founding accessions and patterns of relatedness 
and inbreeding derived from historical pedigree data in a red 
clover germplasm collection in New Zealand 
This chapter has been published in Crop Science: 
Egan, L.M., R.W. Hofmann, K. Ghamkhar and V. Hoyos-Villegas. 2019. Identification of Founding 
Accessions and Patterns of Relatedness and Inbreeding Derived from Historical Pedigree Data in a 
Red Clover Germplasm Collection in New Zealand. Crop Science 59: 2100-2108. 
doi:10.2135/cropsci2019.01.0045. 
4.1 Introduction 
Red clover (Trifolium pratense L.) is a native species in Europe, Western Asia and northwestern 
Africa. It is also grown widely as a fodder crop and is used as silage and hay. In a grazing system, it is 
often mixed with white clover (Trifolium repens L.) in pasture mixes (Cassileth, 2010, Kemp, et al., 
1999). Worldwide, red clover occupies approximately 4 million ha (Riday, 2010) and is an important 
component of pastures that sustain productivity and income for subsistence farming communities, 
such as the Aymara in the Andean plateau (López, et al., 1998). Red clover is a key component in 
forage systems for its N fixation ability (Vleugels, 2013). Carlsson, et al. (2003) reported that the 
extent of N fixation by red clover can be up to 373 kg N ha−1. Red clover can contain up to 1% 
estrogenic compounds. Estrogen can interfere with ewe fertility (Morley, et al., 1964) and 
formononetin is considered the main compound responsible for this condition. Therefore, newly bred 
cultivars have been developed with low (0.8% formononetin) levels of estrogen compounds (Cassileth, 
2010, Kelly, et al., 1980). However, Sutherland, et al. (1980) showed that estrogen can improve red 
clover’s tolerance to pests, such as grass grub [Costelytra zealandica (White)] and black beetle 
[Heteronychus arator (Fabricius)].There is some mixed evidence in the literature suggesting that 
isoflavonoid phytoestrogens have some human health benefits in lowering the risk of osteoporosis, 
heart disease, and breast cancer (Patisaul, et al., 2010). 
Red clover is relatively drought tolerant (Vaseva, et al., 2011) and provides a high-quality feed 
throughout summer, whereas other species are adversely affected by water deficit. When grazed 
infrequently during spring and summer it can produce ~12 t dry matter ha−1 (Kemp, et al., 1999). Red 
clover thrives in pastures via rapid establishment and tolerates poorly drained soils (Riday, 2010). 
Unlike white clover, red clover cannot tolerate hard, continuous grazing (Kemp, et al., 1999) and is 
mostly used as cut feed. Red clover normally persists for 2 to 4 years but can persist for 7 years where 
favorable conditions are present (Kemp, et al., 1999, Ledgard, et al., 1990). The red clover cultivars 
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‘Tuscan’ and ‘Relish’ have been bred for persistency, productivity, and acceptable seed yields 
(Charlton, et al., 1999). Despite the extent and success of red clover cultivar releases, relatively small 
gains have been achieved in increasing the persistence of red clover through breeding programs. In a 
review of breeding for improved persistence in red clover in Chile, Ortega, et al. (2014) reported a 
mean realized annual genetic gain of 0.4 to 0.8% for red clover persistence. One cultivar, Carillanca, 
under irrigation had a large annual gain of 2.6%. 
Red clover is a diploid (2n = 2x = 14) with a genome size of approximately 420 Mb (Sato, et al., 
2005). Red clover is almost fully self-sterile but highly fertile when outcrossed (Williams, et al., 
1947). The high level of heterozygosity is attributable to the gametophytic self-incompatibility system 
present (Taylor, 1982). Because of the economic and agricultural importance of red clover, the number 
of genetic studies has increased in recent decades (De Vega, et al., 2015, Ulloa, et al., 2003). Abberton 
(2007) reviewed interspecific hybridization between red clover and its related species. These programs 
had been running for >50 years, usually utilizing embryo rescue techniques. The aim of these 
programs was to increase persistence in the sward through crosses with wild germplasm, such as T. 
medium L. Although no new cultivars have arisen through this technique, it has expanded knowledge 
on the evolutionary aspects of the genus. 
Red clover cultivars can be either diploid or tetraploid. Tetraploid red clovers (2n = 28) can 
outperform diploids in several aspects (Taylor, 2008), such as dry matter yield. Tetraploids are often 
produced by chromosome doubling of diploid lines, as described by Taylor, et al. (1996a). Tetraploid 
plants are generally larger with larger leaves and florets and have increased persistence compared with 
diploid plants. However, because of the large floret size, pollination can become an issue. Seed yields 
are therefore lower than in diploids, and this is a limiting factor to the use of tetraploid cultivars 
(Charlton, et al., 1999, Taylor, et al., 1996a). 
Red clover cultivars are described by ploidy level and flowering time. Early-flowering cultivars can be 
grown in a wider range of environmental conditions and give more frequent but lower yielding cuts 
than late-flowering cultivars (Abberton, et al., 2011). 
The use of pedigrees in plant breeding is a traditional method that has proven successful across many 
decades (Navabi, et al., 2014). A pedigree map is a visual representation of the relationships within the 
population, showing relatedness between individuals or groups of individuals (Acquaah, 2012). In 
plant breeding programs, they are useful for deciphering the population structure and visualizing 
existing or potential genetic bottlenecks. Phenotypic data are often projected onto the pedigree to 
visualize the flow of targeted traits throughout the pedigree (Shaw, et al., 2016). Pedigree assembly 
and analysis also allow for the determination of inbreeding and kinship coefficients in a population, 
which are useful in assessing the status of genetic diversity in a germplasm collection. When coupled 
with historical information, co-ancestry analysis can prove a powerful tool in examining the patterns 
that lead to population differentiation. The inbreeding coefficient is defined as the probability of 
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drawing two homologous alleles from an individual that are identical by descent, indicating that they 
result from one allele from a common ancestor. The kinship coefficient is the relatedness between 
individuals, indicating the proportion of alleles identical by descent shared among individuals 
(Hedrick, 2011). 
Often, when gain for agronomic traits is limited by low genetic variation, the most appropriate way to 
introduce new variation is to find new germplasm from the primary gene pool. Plant introductions may 
be of more value in the early stages of breeding programs, rather than using released red clover 
cultivars as parents (Taylor, et al., 1996a). A successful example is the pedigree of ‘Cherokee’, a 
cultivar that was developed for an area of the United States where red clover had not previously been 
grown. The base population was made up of 75% selections from plant introductions and 25% from 
two older cultivars. After five selection cycles, a population was produced that had reduced dormancy 
and high levels of root-knot nematode (Meloidogyne spp.) resistance (Quesenberry, et al., 1993). 
The increased use of next-generation sequencing technologies has allowed plant breeding programs to 
accelerate their rates of genetic gain. However, in order for germplasm collections to contribute to 
better understanding of genetic diversity and the contained population structure, it would be highly 
valuable to have a detailed pedigree map (Dias, et al., 2008, Kouamé, et al., 1993, Mosjidis, et al., 
2006, Taylor, et al., 1996a, van Berloo, et al., 2005). Plant breeding programs use pedigree data to 
obtain insight into the germplasm, leading to better-informed breeding decisions (van Berloo, et al., 
2005). Pedigree assembly can provide insights into genetic bottlenecks, inbreeding depression, and 
low allele complementarity. 
The MFGC is located at the Grasslands campus in Palmerston North, New Zealand. It collects and 
maintains germplasm of approximately 2000 forage species, including wild and domestic germplasm, 
and released cultivars, including intraspecific hybrid cultivars. 
By providing information resulting from stored pedigrees at the MFGC for pre-breeding efforts, new 
avenues can be followed to address the limitations of current red clover cultivars (i.e., low persistence 
or high estrogen levels). To the best of our knowledge, there has been no pedigree analysis of the red 
clover collection in the MFGC to date. 
We used historical pedigree data from the red clover collection maintained at the MFGC. The 
objectives of this study were (i) to create a pedigree map of the MFGC red clover collection, (ii) to 
identify founding accessions, and (iii) to detect patterns affecting inbreeding and kinship. 
4.2 Materials and Methods 
4.2.1 Data filtering 
Pedigree map construction was undertaken using the MFGC database, comprising 5223 accessions 
from 41 countries worldwide. Accessions were curated across a timeframe of 82 years, from 1934 to 
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2016. Some of these accessions were developed through the application of a range of techniques, 
including poly- and biparental crossing. Of the total, 3291 accessions were used in the construction of 
the pedigree maps by Helium, a software program that visualizes large-scale plant pedigrees (Shaw, et 
al., 2014). Subsetting was performed on the basis of missing data and whether the accessions had 
continued breeding (i.e., single nodes in the pedigree were removed, as they were indicative of no 
breeding activity, Figure 4.1). 
 
Figure 4.1 Flowchart of the steps undertaken to subset and filter the Trifolium pratense 
accessions used in this study. 
Of the total number of accessions, 1742 accessions were used for the derivation and analysis of 
parameters. Pedigrees associated with accessions were subset based on biparental crosses, with full or 
half parentage recorded. For clarity, we will refer to half- or full-sib families as “families” throughout 
the paper, unless specifically stated half- or full-sib. Polycrosses were excluded from the parameter 
analysis subset because polycrosses do not fit the allele frequency expectations of biparental crosses, 
and inbreeding and kinship values would have been overestimated. 
An extensive search and testing of software packages did not result in an option that could handle (i) 
the combinations of pedigrees with both poly- and biparental crosses and (ii) the capacity to handle the 
number of accessions to be analysed. The data structure was accession ID, Parent 1, Parent 2, 
accession date, and country of origin. Accession ID was the unique number given to the accession 
when it was entered into the database. Parent 1 and Parent 2 represent accession IDs that were used as 
parents in the cross. All parents would have been entered into the database earlier and have a unique 
accession ID. Accession date is the date when the accession was entered into the database. In total, 
only 2328 accessions had the specific location of country of origin listed. Founders were defined as 
the accessions from 1934 to 1937 that had no parentage recorded, suggesting no prior breeding. Other 
accessions introduced into the database after that were considered introductions. Accessions with a 
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total of more than 80 half- or full-sib families were regarded as influential accessions with significant 
footprint across the pedigree map. Accessions were clustered by the decade of entry into the MFGC 
database. It should be noted that the use of the term “accession” refers to any entry previously or 
currently stored in the MFGC. The term “Grasslands cultivar” represents accessions stored in the 
MFGC that were submitted as bred and released cultivars under the Grasslands trademark. The term 
“other cultivar” refers to cultivars bred in New Zealand or internationally by other organizations and 
not under the Grasslands trademark. 
4.2.2 Data analysis 
The R package “pedigree” was used to calculate the number of offspring families, kinship, and 
inbreeding (Coster, 2015). The two formulas below were used in a recursive application to calculate 
kinship: 
( )1 2 1yy y yF Fm f= +
 [1] 
( )1 2xy xmy xfyF F F= +
 [2] 
where F is the coefficient of inbreeding, x is not a descendant of y, and the kinship of two individuals 
is Fxy. Assuming Fxy = 0 when x and y are both from the founder population, my and fy of y describe the 
genes from each parent that are randomly inherited, and the relationship between my and fy is described 
by the calculated kinship coefficient between my and fy. The kinship coefficient of y with y is Eq. [1]. 
The kinship coefficient between x and y is Eq. [2] (Fernando, et al., 2006). A heat map was used to 
visualize the relatedness between 1742 pairwise comparisons of the population (Figure 4.3a). The 
black diagonal represents perfect relationship of each accession with itself and the symmetric of 
diagonal elements represents kinship measures for pairs of accessions. A dendrogram was used to 
represent the clustering of the population based on kinship coefficients (Figure 4.3b). To identify 
important ancestors in a particular sector of the germplasm, accessions with the highest mean kinship 
found at the 2000 distance coefficient were identified (solid black line in Figure 4.3b), which resulted 
in the second or third branch from the main branch on the dendrogram. Further insight into the history 
of different accessions was verified by studying individual pedigree lineages and the lineage 
contribution to the population in Helium. 












where H0 is the conditional probability that y is heterozygous and H is the unconditional probability 
that y is heterozygous at a specific locus. 
4.3 Results and Discussion 
4.3.1 Pedigree map size, complexity, and offspring family distribution 
The largest number of generations traced was eight and the minimum was 0. Of the 3291 accessions, 
381 (11.58%) accessions had full parentage, 2468 (74.99%) accessions had one parent listed, and 442 
(13.43%) had no parentage listed. There were 442 (13.43%) orphan lines, 2348 (71.35%) terminal 
lines, and 3230 relationships were identified in the pedigree. Visual inspection of the pedigree did not 
suggest any obvious bottlenecks. 
Of the 20.44% of accessions that had recorded offspring families, the number of offspring families 
ranged from 1 to 356. The mean offspring family number across the whole population was 1.845. 
Within the accessions that had offspring families, the mean number of offspring families was 2.045 
and the mode number was 1. In the overall pedigree map, 3.73% of the accessions had only one 
offspring family, another 3.73% had two offspring families, 1.61% had three offspring families, and 
1.21% had four offspring families. We also identified accessions with large numbers of offspring 
families. The largest percentage of accessions with offspring families was 3.79%, which had between 
10 and 30 families. 
These four accessions had >80 offspring families: F510, F709, F1139, and F2508. The first three 
accessions (F510, F709, and F1139) were Grasslands cultivars, whereas accession F2508 was a 
breeding line known as “multi-leaf selection” and was introduced into the MFGC in 1990. The 
accession F510 (k = 0.019) had 265 full-sib and half-sib offspring families, and the earliest traceable 
accession was introduced into the MFGC in 1952. F709 (k = 0.014) had 183 full-sib and half-sib 
offspring families and the earliest traceable accession was introduced into the MFGC in 1960. F1139 
(k = 0.019) had 81 half-sib offspring families, and its earliest traceable accession was introduced into 
the MFGC in 1968. Accession F2508 (k = 0.057) had 356 full-sib and half-sib offspring families. 
Because three of the four accessions were associated with commercially available cultivars, the 
populations must have been phenotypically desirable. 
In the 1930s, a significant number (529) of accessions was associated with germplasm collected in 
New Zealand (Figure 4.2). The New Zealand accessions peaked in the 1940s but declined steadily 
thereafter until the 1990s and 2000s. Comparatively, the 1970s was a decade where the largest number 
of accessions (483) was imported from foreign countries to New Zealand. The countries of collection 
that contributed the most were: the United States (208), the former Soviet Union (65), Germany (34), 
England (28), Sweden (19), Poland (15), Belgium (13), and France (13). 
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Figure 4.2 The number of Trifolium pratense L. accessions associated with foreign countries and 
the number of accessions collected in New Zealand between 1930 and 2010. 
4.3.2 Founding ancestors and important introductions 
Founders 
A total of 30 founding accessions was identified in the red clover germplasm database. The founders 
are defined here as the oldest accessions with no parentage recorded, and they were introduced into the 
MFGC between 1934 and 1937. Of these, 25 were classified as ‘New Zealand Broad’, two were 
classified as ‘English Broad’, two were classified as ‘English Giant Hybrid’, and one was classified as 
‘Cotswold Broad’. The first importations of red clover into New Zealand were mainly from English 
commercial firms. 
‘Broad red clover’, an early flowering cultivar that lacks persistence, was widespread in the drier 
regions of the South Island and was used as the base population in breeding programs (Corkill, 1949, 
Wratt, et al., 2015). By 1941, the first synthetic red clover had been formed, and some parent plants 
were derived from ‘English Broad’ and ‘English Giant Hybrid’. The synthetic red clover was 
increased, subjected to agronomic trials and labelled as ‘New Zealand Broad Red Clover’. This was 
later renamed in 1964 as ‘Grasslands Hamua’. 
Influencing ancestors 
There were five accessions that strongly influenced the population structure of red clover (Figure 
4.3b), namely F2508, F3540, F3801, F510, and F1139. Accession F2508 was listed in July 1990 and 
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had one accession listed for parentage, F2367. Accession F2367 was collected from Turkey in August 
1988. The climate of Turkey is typical of Mediterranean climate, with hot dry summers and mild to 
cool wet winters. Traditionally, Mediterranean phenotypes have been desirable in New Zealand, as 
they exhibit drought tolerance traits. Its climatic origins could be one of the reasons why this accession 
influenced the population structure (Figure 4.3b). 
We hypothesize that adaptation to the target environments in New Zealand is a driving force behind 
the influence of the founding accessions. Here, we describe six relationships. Accession F3801 was 
listed in January 2012 and had the half parentage listed as F3540 (Figure 4.3b). Accession F3540 was 
listed in April 2008 and arose out of a biparental cross between F2903 and F2499. Accession F2903 is 
a Grasslands cultivar, ‘Grasslands Sensation’ (Claydon, et al., 2003), which was traced back to a 
polycross from various accessions. ‘Grasslands Sensation’ is an early-flowering diploid cultivar, 
which persists under grazing. Accession F2499 can be traced back to an introduction from Portugal 
(F2414). Two other accessions, one known as ‘Renova’, was an introduction from Belgium (F2140), 
and one known as ‘Changins’ was an introduction from Switzerland (F2138). 
Accession F510 (Figure 4.3b) was listed in April 1952 and was a progeny of accession F480. 
Accession F510 was defined as a highly contributing parent, with 265 offspring families. Accession 
F480 had no listed parentage. It was brought into MFGC in January 1950 and collected as a 
naturalized accession in the Manawatu region of New Zealand. Accession F1139 produced 81 
offspring families and was listed in January 1968. The half parentage listed was F1002 or ‘Grasslands 




Figure 4.3 (a) Kinship heat map of Trifolium pratense L. accessions at the Margot Forde 
Germplasm Centre. (b) Dendrogram of accessions included in the study. Accessions 
on the branches of the dendrogram at the fusion points are influencing ancestors of 
each cluster with the highest mean kinship in the cluster. The number of accessions in 
each cluster are indicated in parentheses. The solid line indicates the distance used to 




4.3.3 Diversity and inbreeding 
Diversity 
The overall mean kinship from 2,201,851 pairwise combinations within the species, with kinship 
values ranging from 0 (no relatedness) to 1 (full relatedness), was k = 0.005. A total of 498 accessions 
(28.59%) had a mean kinship of 0, whereas 1244 accessions (71.41%) had kinship >0, with a 
maximum value of k = 0.0576. These kinship values indicate that there are low levels of relatedness 
among accessions in the red clover collection (Figure 4.3a). 
The cumulative trend of kinship across the decades shows an increase in kinship of 0.021 from 1930 to 
1970, until a plateau occurred between 1970 and 1980. A sharp increase of 0.012 occurred between 
1980 and 1990. Between 1990 and 2010, there was a small increase of 0.001 (Figure 4.4). 
 
Figure 4.4 The trend in cumulative and mean kinship and inbreeding in Trifolium pratense L. 
accessions at the Margot Forde Germplasm Centre between 1930 and 2010. 
The dendrogram (Figure 4.3b) has five clusters in the population. The clustering and identification of 
current commercial cultivars in the clusters can provide insight into the diversity present in the market 
and is of particular interest to the industry. 
Parts of the dendrogram can be explained by groups of accessions with common countries of origin. 
Clusters 2 (86 accessions), 3 (179 accessions), 4 (689 accessions), and 5 (403 accessions) had some, 
not all, accessions associated with country of origin. Cluster 2 had 15 accessions from Switzerland. 
Cluster 3 had five countries associated with accessions: Switzerland (13), Turkey (6), Spain (20), 
Portugal (4), and Argentina (1). Cluster 4 had 30 accessions from Turkey. Cluster 5 had seven 
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countries associated with accessions: Portugal (4), Spain (10), Armenia (22), Georgia (30), Tajikistan 
(18), Greece (24), and Russia (13). 
Clusters 4 and 5 were the two clusters from which commercial cultivar data could be extracted. 
Cluster 4 had 16 (2.32%) accessions associated with the “Grasslands cultivar” group. Accessions in 
Cluster 4 were introduced between October 1937 and January 1965. The geographic origin of 
commercial accessions within Cluster 4 was confined to New Zealand. However, 15 accessions were 
linked to the Manawatu region (North Island) and one to the Canterbury region (South Island). Cluster 
5 had five accessions associated with “Grasslands cultivars” and three accessions were associated with 
“other cultivars.” The accessions in Cluster 5 were introduced between January 1968 and July 1982, 
notably later than those in Cluster 4. ‘Grasslands Hamua’, ‘Grasslands Turoa’, and ‘Redwest’ 
(Charlton and Stewart, 1999) are the three cultivars present in Cluster 5. ‘Grasslands Hamua’ and 
‘Grasslands Turoa’ have similar soil and moisture requirements. However, ‘Grasslands Turoa’ is more 
persistent. ‘Redwest’ is a cultivar that was reselected from ‘Grasslands Hamua’ on the basis of low 
estrogen content. Its general agronomic traits are very similar to ‘Grasslands Hamua’. 
An interesting observation is the high number of Turkish introductions in Cluster 4. In contrast, a 
variety of countries contributed towards the composition of Cluster 5, with fewer accessions recorded 
as domestic cultivars than Cluster 4. 
Separation between Clusters 4 and 5 might be attributable to selection pressure. There were five 
records of the cultivar ‘Grasslands Hamua’ used as a parent. These accessions were split between 
Clusters 4 and 5, with one accession in Cluster 4 and four accessions in Cluster 5. The accession in 
Cluster 4 originated from the Canterbury region, whereas all but one of the accessions in Cluster 5 
originated from Manawatu. Accession F1139 (Figure 4.3b), the most influencing ancestor of Cluster 5, 
is a progeny of ‘Grasslands Hamua’. The separation among clusters and the presence of released 
cultivars within different clusters suggests that breeding and selection for different target environments 
in New Zealand might have played a role in the genetic divergence observed. 
4.3.4 Inbreeding, indirect relationships, and unrelated accessions 
The mean inbreeding level was 0.56%; among the accessions with inbreeding coefficients >0, the 
mean was 10.68%. The frequency of the levels of inbreeding within the inbred accessions peaked at 
coefficients 0.07 and 0.13. Among the accessions with inbreeding coefficients >0, the lowest level of 
inbreeding was 0.015 and the highest level was 0.25. Across the whole dataset, 1651 accessions 
(94.78%) had an inbreeding coefficient of 0, whereas 91 accessions (5.22%) showed some inbreeding. 
The combined trends of inbreeding and kinship in the red clover collection are shown in Figure 4.4. 
Although the inbreeding levels are low, they seem to have increased across time. A correlation was 
found among average inbreeding per decade and the number of introductions per decade (r = 0.62). 
The trend in inbreeding from the decades of 1930 to 2010 shows no inbreeding from the 1930s to the 
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1970s, except for a slight increase (0.002) in the 1960s. The highest inbreeding occurred between 1980 
and 1990, where it increased to 0.025. There was no further increase in inbreeding in subsequent 
decades (Figure 4.4). The overall inbreeding value was 3.37%. 
Although red clover is difficult to self, it is easily inbred (Taylor, et al., 1980). Sib-crossing can result 
in severe inbreeding depression and populations, with inbreeding via selfing cannot continue beyond 
two to three generations. If selfing reaches past these generations, loss of vigor, fertility, and viability 
of pollen occurs. Because of the sensitivity of red clover to inbreeding, it is important to breed it 
through populations, rather than individual plants (Taylor, et al., 1996a). 
Although inbreeding is regarded as deleterious, it should be noted that if crosses are performed 
correctly, inbreeding can lead to increased genetic gain. Taylor, et al. (1970) investigated the effects of 
one generation of selfing on pseudo-self-compatibility (PSC) and seed and forage traits to assess the 
degree of hybrid vigor and its correlation to persistence. It was concluded that inbred parental lines 
might be maintained through either vegetative reproduction or by seed through PSC. Although selfing 
reduced the yield and persistence rates, these were regained in single crosses. This was strengthened 
by Duncan, et al. (1973), who found that PSC decreased with inbreeding. They proposed a new 
method of inbred line maintenance, combining the favorable features of both vegetative and seed 
maintenance of the inbred lines. This ultimately resulted in single cross seed from different clonal 
sources for the production of double-cross hybrid red clover. 
4.3.5 Germplasm centers and the effect of forage breeding strategies 
The importance of legumes is recognized by the large number of germplasm collections worldwide, 
with >1,000,000 accessions. Approximately 74,100 accessions of Trifolium are held in global 
collections; 53% are wild, and 14% are cultivated (Smýkal, et al., 2015). 
Kouamé, et al. (1993) evaluated >800 accessions of red clover, originating from 41 countries and held 
in the Germplasm Resource and Information Network of the NPGS, USDA. Their analysis found a 
large range of diversity across all countries, with the highest diversity contained in accessions 
originating from northern and eastern Europe. That study showed that clustering resulted from similar 
agronomic traits and it provided information for the creation of a core collection and more effective 
utilization of red clover germplasm. This is comparable with our study, as we also found a large range 
of diversity. 
Mosjidis, et al. (2006) assessed the biochemical diversity present in red clover accessions of the 
USDA NPGS core subset, concluding that genetic diversity was high and that there was nearly double 
the variability in wild populations compared with cultivars or landraces. Dias, et al. (2008) evaluated 
the diversity of the same core collection of 85 accessions of red clover, at both the morphological and 
molecular levels. An analysis of molecular variance showed that 83.6% of the variation was contained 
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within population. This is valuable for breeding programs to use within and between population 
variation to breed for improved varieties. 
The rate of genetic gain in red clover is low because of the long breeding cycles, complex outbreeding 
mating systems that suffer inbreeding depression, and interaction of genotypes with environmental 
factors (Annicchiarico, et al., 2015). Although there has been a significant rise in the number of 
genetic studies in forages worldwide to suggest novel breeding strategies, the basis of forage plant 
breeding still largely relies on recurrent phenotypic selection. Mass selection, recurrent phenotypic 
selection, polycrossing, and backcrossing are the most common selection and crossing techniques in 
red clover worldwide (Riday, 2010, Taylor, 2008). 
Breeding strategies for red clover are based mainly on mass selection, suggesting that it should be the 
first technique deployed in a breeding program to maintain a large population and diversity (Taylor, et 
al., 1996a). Mass selection has been used largely for pest resistance and persistence in red clover 
(Riday, 2010). Polycrossing has been sparsely used in red clover; however, progeny testing and 
multiple locations must be used to account for genotype × environment interactions (Taylor, et al., 
1996a). In the red clover pedigree dataset, 183 accessions were identified as bred by polycross and 
3108 were bred by biparental crosses. Polycrosses were identified for the decades of 1950, 1960, and 
1970, with 47, 33, and 103 polycrosses, respectively. 
Backcrossing is seldom used in red clover breeding, mainly because of the promotion of inbreeding 
depression. However, when it is used, it is in breeding programs to incorporate disease or pest 
resistance. Taylor, et al. (1986) used backcrossing to incorporate resistance genes to a strain of Bean 
yellow mosaic virus in the cultivar ‘Kenstar’. However, to date, there are no other cultivars of red 
clover that have been developed via the backcross method. 
Unlike white clover, using related species in red clover to increase the genetic diversity has had 
limited success. Cleveland (1985) summarized the efforts made in hybridizing red clover with related 
species. However, because of most of the relatives are annuals, the perennial trait proved hard to 
maintain. Sterility in the progeny has been one of the biggest problems in this regard, and it is the 
prime reason why no commercial cultivars are available on the market for Trifolium ISHs. Forage 
species retain many of the traits of their wild progenitors because their domestication history (<3000 
years) is more recent than other crops (>10,000 years) (Walton, 1971) and, in general, forage species 
are considered to be only partially domesticated (Gepts, 2004). This is shown particularly with 
persistence and dry matter yield under grazing, especially in New Zealand, and is one of the primary 
reasons why progress in breeding for complex fitness traits has been slow. 
Nutman, et al. (1981) evaluated the symbiotic effectiveness of four cultivars of red clover and found 
that crosses between cultivars were more effective than those within cultivars, indicating heterotic 
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effects. This shows the opportunity for breeding across gene pools, rather than within the same gene 
pool. 
The current breeding strategies relative to the red clover accessions in the MFGC have been successful 
thus far, as inferred from the metrics reported here, such as number of accessions bred and generated, 
inbreeding and kinship levels, and the number of cultivars relevant to specific sectors of genetic 
diversity. The potential for breeding across newly identified breeding pools and continuing research 
into germplasm diversity will provide new techniques to widen the breeding pool. 
4.4 Conclusions 
Red clover genetic resources held at the MFGC have been valuable for germplasm diversity, and this 
is reflected in low kinship and inbreeding levels. International collection expeditions and germplasm 
exchanges have proven successful in achieving diversification and introduction of new traits into 
cultivars in New Zealand and overseas. Influencing ancestors have resulted from these introductions. 
The newly identified population patterns and divergent clusters of germplasm will allow more 
informed and targeted breeding decisions. Improved populations with new additive variation can be 
obtained via crossing among accessions with disparate relatedness; these are considered untapped 
resources that will increase germplasm utilization for pre-breeding and cultivar development. 
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Chapter 5 
Pedigree analysis of pre-breeding efforts in Trifolium spp. 
germplasm in New Zealand 
This chapter has been published in BMC Genetics: 
Egan, L.M., R.W. Hofmann, P. Seguin, K. Ghamkhar and V. Hoyos-Villegas. 2020. Pedigree analysis 
of pre-breeding efforts in Trifolium spp. germplasm in New Zealand. BMC Genetics.  
doi: 10.1186/s12863-020-00912-9 
5.1 Introduction 
The earliest recorded use of legumes is in the grasslands of the Mediterranean basin and today they are 
used in agricultural pasture systems (Knowles, et al., 2003). The importance of genus Trifolium was 
recognised very early on by naturalists and herbalists. It was previously defined as a much broader 
genus and included two other genera, Lotus and Melilotus (Ellison, et al., 2006). 
To date, the Trifolium genus of the Fabaceae family is made up of 250 species  (Ansari, et al., 2004, 
Frame, et al., 1986, Gillett, et al., 2001, Lewis, 2005, Maxted, et al., 2001, Scoppola, et al., 2018, 
Zohary, et al., 1984). They are distributed throughout the temperate and subtropical regions of both 
northern and southern hemisphere, particularly in Europe, northwest and central Asia, northeast 
Africa, parts of sub-tropical Africa and South Africa, western North and South America, Australia and 
New Zealand. Approximately 25 species are of significance as feed for ruminant animals, of which 
sixteen are economically important (Frame, et al., 1986, Gillett, et al., 2001, Speer, et al., 1985). 
Russel, et al. (1976) state that the Trifolium species are among the most important and valuable forage 
legumes in the world. Nitrogen fixation is a quality which has driven the use of Trifolium species in 
pastoral systems. However, many Trifolium species are underutilised in agricultural systems or their 
use is yet to be defined in agriculture (Maxted, et al., 2001).  
The Margot Forde Germplasm Centre (MGFC) is New Zealand’s national germplasm centre for 
grasslands plant species. The role of this genebank is to collect, replenish, conserve and distribute 
accessions of forage species to be used for research or breeding. The collection contains over 65,000 
wild accessions from more than 100 countries, comprising 2200 species from 350 genera and over 70 
plant families from wild collections, foreign and domestic cultivars, breeding lines and genetic stocks. 
There are six Trifolium species that are well represented with pedigree information in the MFGC 
database. These are T. arvense, T. subterraneum, T. ambiguum, T. dubium, T. hybridum and T. 
medium. These species have been subject to breeding programmes from the 1950s, and some species 
have been hybridised to breed Trifolium ISHs. The ISH programmes have used white clover as the 
recurrent parent and hybridised it with a closely related species to improve targeted traits in white 
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clover. For example, T. occidentale is well-adapted to dry habitats and could be a potential source of 
drought-tolerant genes for white clover (Hussain, et al., 2013).  
The T. occidentale x T. repens ISH is an important breeding programme for the improvement of white 
clover in New Zealand. Another species, T. arvense, commonly known as rabbitfoot clover, is an 
annual clover that is native to most of Europe, excluding the Arctic zone, and western Asia. It can 
grow in a broad range of soil types, but prefers sandy or non-irrigated land (Pritchard, et al., 1988). It 
is used in short-lived pastoral systems and low fertility pastures, often in dry hill country environments 
(White, et al., 1999). Hancock, et al. (2012) used GM to integrate the transcription factor, TaMYB14, 
from T. arvense into T. repens. The GM product has the potential to decrease methane emissions and 
reduce bloating in livestock. This is due to the increased level of proanthocyanidins which reduce the 
level of protein degradation in the rumen, decreasing gas and foam formation (Aerts, et al., 1999).  
Another clover species, T. subterraneum, or subterranean clover, is an annual species native to the 
Mediterranean region, West Asia and the Atlantic coast of Western Europe. Subterranean clover is 
sown in over 29 million hectares worldwide and has the most contribution to livestock feed production 
among all annual clovers (Kaur, et al., 2017). Subterranean clover has a unique characteristic where it 
buries its seeds so that the seed development occurs underground. This specialty enables subterranean 
clover to thrive in poor quality soil and drought regions, making it a viable option for dryland farmers 
(Bennetts, et al., 1946, Nichols, et al., 2013a). Subterranean clover is one of the most commonly 
grown forage crops in Australia due to its ability to withstand the extreme drought and soil types, and 
is a source of high quality forage (Bennetts, et al., 1946, Nichols, et al., 2013a). Since the introduction 
of subterranean clover into Australia, more than 40 cultivars have been bred and released (Nichols, et 
al., 2013a). Subterranean clover is a diploid (2n = 2x = 16), mostly self-pollinating species, with a 
genome size of 540Mpb (Abberton, et al., 2005, Dudchenko, et al., 2018, Ghamkhar, et al., 2012, 
Hirakawa, et al., 2016, Kaur, et al., 2017). 
A genetically diverse species, T. ambiguum, most commonly known as ‘Caucasian’ or ‘Kura’ clover, 
is a species native to Asia and the Caucasus (Armenia, Ukraine, Turkey and Iran) and was introduced 
to North America and Australasia (Bryant, 1974, Taylor, et al., 1997). It is a rhizomatous perennial, 
found naturally up to high altitudes and is adapted to a wide range of environmental conditions (Dear, 
et al., 1985, Williams, et al., 2011). The large root and rhizome mass and persistency of Caucasian 
clover has made it desirable in agricultural environments exposed to extreme heat, drought and cold. 
However, the slow establishment rate, very specific rhizobial requirements, and inability to produce 
commercially viable amounts of seed has decreased the appeal of sowing it in a pasture system 
(Bryant, 1974, Maxted, et al., 2001). Trials in the high country of the South Island of New Zealand 
have shown that, in comparison to white clover, T. ambiguum increases the legume content of a 
pasture in competition with grasses, and therefore potential nitrogen fixation in paddocks (Charlton, et 
al., 2006). Trifolium ambiguum exists in diploid (2n = 16), tetraploid (2n = 32) and hexaploid forms 
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(2n = 48). The ploidy of the species affects traits such as flowering date and persistence but is not 
directly related to overall yield (Bryant, 1974, Dear, et al., 1985). Diploids are often the first to flower 
and are more persistent than tetraploids and hexaploids (Dear, et al., 1985, Widdup, et al., 1996).  
A group of three other species, namely, T. dubium, T. hybridum and T. medium are less common in 
pastoral systems and have been predominantly used in research. The first species, also known as 
‘Suckling clover’, is native to Europe and is a cross between T. campestre and T. micranthum 
(Hedlund, et al., 2003). It is an allotetraploid species (2n = 4x = 30) (Bulińska-Radomska, 2000). 
Alsike clover or T. hybridum is a clover that originates from continental Europe but has established in 
the British Isles and throughout the temperate regions of the world. It is often grown for hay or silage, 
is highly self-sterile and unlike the name suggests, is not of a hybrid origin (Williams, 1951). In New 
Zealand, it is used often in the South Island hill country for pasture and hay. It is adaptable to a wide 
range of conditions and has rapid establishment (Widdup, et al., 1994). The last species in this group, 
T. medium, commonly known as ‘Zig-zag clover’, is a native European species and is similar in 
appearance to red clover but with narrower leaflets and no white leaf markings (Choo, 1988). It is a 
rhizomatous perennial clover with long persistence and has the ploidy of 2n=10x=80 (Isobe, et al., 
2002, Merker, 1984). 
Although natural interspecific hybridization is uncommon in Trifolium, there have been several studies 
showing that it is possible (Brewbaker, et al., 1953, Malaviya, et al., 2004, Marshall, et al., 1995, 
Williams, et al., 2011). The ISH breeding programmes within the genus commenced over 50 years 
ago. Two common objectives from these breeding programmes were to understand the evolutionary 
relationships within the genus and to introgress desirable traits into the species (Abberton, 2007). 
Trifolium occidentale is a diploid (2n = 16), perennial stoloniferous species that is closely related to 
white clover (Trifolium repens) (Abberton, 2007, Williams, et al., 2011). It is indigenous to the coastal 
areas of Portugal, Spain, France and the British Isles, hence its tolerance to saline and dry habitats. 
This trait provides a potential source of drought-tolerant genes that could be used to improve white 
clover (Hussain, et al., 2013). The ISH of Trifolium species crossed with white clover will allow elite 
germplasm to be bred with alleles that are not present in white clover populations (Abberton, 2007). 
Pederson, et al. (1989) performed a variety of crosses between Trifolium species, and T. occidentale x 
T. repens hybrids were the only fertile hybrids, which also showed resistance to peanut stunt virus. 
However, often the two species do not cross easily and result in near-sterile triploid hybrids (Hussain, 
et al., 2013). Using 4x T. occidentale has yielded more successful crosses, resulting in significant 
advances in the introgression of drought and salt tolerance traits to white clover (Chou, et al., 1968, 
Gibson, et al., 1969, Pederson, et al., 1989, Williams, 2014).  
Pedigrees are used in plant breeding to visualise the breeding crosses and the transmission of alleles 
responsible for trait expression and consequent breeding patterns (Shaw, et al., 2014). They are a 
crucial first step in identifying genetic bottlenecks in breeding populations, and integration with 
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genomics has increased their relevance in plant breeding programmes even further (Acquaah, 2012). 
The use of plant pedigrees is proving valuable for to lifting the rate of genetic gain in white clover 
(Hoyos-Villegas, et al., 2019), increasing the range of environmental adaptation and increasing 
tolerance to plant stressors. Pedigrees are also used alongside molecular studies to increase the 
accuracy of molecular phylogenetic studies (Crossa, et al., 2010). Pedigree maps can also be used to 
identify germplasm variation which can be utilised in future pre-breeding decisions (Egan, et al., 
2019a, Egan, et al., 2019b). For this to occur effectively, knowledge of population structure and 
relatedness coefficients are the first steps (Keller, et al., 2002). 
Pre-breeding is becoming an increasingly important prerequisite of plant breeding programmes. Plant 
species that focus on new variation and flow of allelic variation benefit from pre-breeding research. 
Related species that with desirable traits in the genus Trifolium are often used in pre-breeding efforts 
and have been increasingly utilised in recent years. We used historical pedigree data from the T. 
ambiguum, T. arvense, T. dubium, T. hybridum, T. medium, T. subterraneum and the T. repens x T. 
occidentale ISH collections held at the MFGC in Palmerston North, New Zealand. The objectives of 
this study were (i) to create a pedigree map for each Trifolium species (hereafter referred to as 
Trifolium spp.), (ii) to analyse patterns affecting inbreeding and kinship, and (ii) to investigate 
variation in the collection that can be potentially utilised in future pre-breeding work.  
5.2 Materials and Methods 
5.2.1 Germplasm 
The Trifolium spp. that were selected for this study were selected based on historical breeding activity 
and their importance in New Zealand’s pastoral systems. The formal identification of the germplasm 
used in this study was undertaken by the MFGC. The germplasm is available in the MFGC.  A total of 
six species: T. arvense, T. subterraneum, T. ambiguum, T. dubium, T. hybridum and T. medium have 
been the subject of active breeding programmes since the 1950’s. The T. repens x T. occidentale ISH 
breeding programme has pedigree information available from 2015. International collection trips to 
collect germplasm from abroad in these species have been successful in bringing new germplasm back 
to the MFGC. Where necessary, permits were obtained for collections. Whilst these species are 
currently not major pastoral species used in New Zealand, some are often used in pastoral mixes or 
have been critical in research for improving the major species T. repens. One species, T. ambiguum, 
and one hybrid, T. repens x T. occidentale, have been actively used in the Trifolium ISH breeding 
programme and have improved root systems in T. repens. These species were chosen as (i) they are 
often used in pastoral systems as minor pastoral species or, (ii) they are used thoroughly in pastoral 
research as a research species or, (iii) they can be hybridised with a major pastoral species. 
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5.2.2 Data filtering 
Pedigree map construction was undertaken using pedigree data from the MFGC database. Seven minor 
Trifolium spp. were used in the pedigree analysis, chosen based on the size and completeness of the 
data available (Table 5.1). The methodology used in this study is the same as in Egan, et al. (2019a) 
and Egan, et al. (2019b). In short, accessions have been introduced over a range of decades, from 1950 
to 2010. A range of breeding techniques have been used during population development over this 
period, including bi-parental cross and polycross methods. The pedigree maps were constructed using 
Helium, a software that allows the visualisation of large pedigrees (Shaw, et al., 2014). Accessions 
with large numbers of offspring families were identified. These largely contributing accessions were 
determined as parents with several progeny well-above the mean number of progenies for each 
species. The term “accession” here is used to refer to any seed material entered in the MFGC as a 
distinct population with an identification number. 
Table 5.1 Completeness of parentage information of germplasm of seven Trifolium species from 
the Margot Forde Germplasm Centre, New Zealand. Half parentage indicates that 







accessions used in 
parameter 
analysis  













T. ambiguum 814 772 (94.8%) 0 (0.00%) 772 (94.8%) 42 (5.2%) 
T. arvense 88 55 (62.5%) 0 (0.00%) 56 (63.6%) 32 (36.4%) 
T. dubium 214 191 (89.3%) 1 (0.5%) 190 (88.8%) 23 (10.8%) 
T. hybridum 364 196 (76.6%) 1 (0.3%) 297 (81.6%) 66 (18.1%) 
T. medium 112 107 (95.5%) 29 (25.9%) 78 (69.6%) 5 (4.5%) 
T. subterraneum 473 248 (52.4%) 0 (0.00%) 248 (52.4%) 225 (47.6%) 
T. repens x  
T. occidentale 
1472 643 (43.7%) 579 (39.3%) 594 (40.4%) 299 (20.3%) 
 
A smaller number of accessions were used in the derivation of population parameters than the number 
used to construct the pedigree map, because of the completeness of pedigree information available. 
The accessions were categorised based on identifiable parental information, full or half parentage 
indicated, and the type of cross that was conducted (e.g., biparental crosses). Polycrosses represented a 
small number of accessions and were excluded from the parameter subset. This was due to the 
software package not having an option for handling the pedigree data with both biparental crosses and 
polycrosses. Further, polycrosses do not fit the allele frequency expectations of biparental crosses and 
could therefore skew estimates of relatedness as indicated in Egan, et al. (2019a) and Egan, et al. 
(2019b). 
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5.2.3 Data analysis 
The R package ‘pedigree’ was used to calculate the number of offspring, kinship and inbreeding 
(Coster, 2015). 










where F is the coefficient of inbreeding, Fyy is the kinship of y with y and Fxy is the kinship of two 
individuals, assuming x is not a progeny of y. When x and y are founding accessions, Fxy =0. The 
random inheritance of one gene from each parent is transcribed as my and fy of y, and the relationship 
of these genes is Fmyfy  (Fernando, et al., 2006). k is the level of relatedness of the accession. 
A dendrogram was used to visualise and summarise the clustering of the populations based on 
pedigree information and kinship coefficients. The influencing ancestors were termed by identifying 
the accessions with the highest mean kinship per cluster. This was verified by pedigree lineages. 






where H is the unconditional probability that y is heterozygous at any given locus. H0 is the 
conditional probability that y is heterozygous at a given locus, when the genes are not identical-by-
descent (Fernando, et al., 2006). 
5.3 Results 
5.3.1 Pedigree map sizes and complexity 
Between 0 and 3 generations were traced among Trifolium spp., with T. subterraneum and T. repens x 
T. occidentale having most generations. The least number of generations (0-1) was observed in T. 
arvense and T. medium (Table 5.2). The shallowness of the pedigree maps is due to the low number of 
generations and reflects low breeding activity. The completeness of parentage was variable (Table 5.2) 
with T. repens x T. occidentale having the greatest number of accessions with complete parentage 
(39.3%). T. subterraneum had the greatest number of accessions with null parentage (47.6%). 
Terminal lines are described as accessions that are not involved in any further breeding and reflect on 
the amount of breeding activity. with the highest number of terminal lines in the pedigree (765 
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accessions, 94% of total) belonging to T. ambiguum, and the smallest number ((235 accessions, 50% 
of total), being in T. subterraneum. The breeding activity peaked in the 1990’s due to an influx of 
accessions being deposited at the MFGC. This is from both breeding crosses and accessions 
introduced from international collection trips. Visual inspection of the pedigree maps did not suggest 
any bottlenecks (data not shown).  
The smallest range of offspring distribution (0-3) was in T. subterraneum, compared to the largest 
distribution of T. ambiguum (0-122) (Table 5.2). Within accessions that had offspring, the highest 
average number of offspring (39) belonged to T. ambiguum, indicating a high level of breeding 
activity. This contrasts to T. subterraneum, T. hybridum and T. dubium which had an average offspring 
number of 1, showing low breeding activity.  
Accessions with large numbers of offspring families were also identified. Only one accession of T. 
ambiguum, ‘AZ2640’ (k=0.025), contributed 34 half-sib and full-sib offspring families to the 
population. This accession had the half parentage of ‘AZ1981’, which was an introduction from New 
South Wales, Australia in 1988 and is known as cultivar ‘Monaro’.  
A total of four accessions of T. dubium, AZ1840, AZ170, AZ2022, and AZ1649, contributed 93 
progeny (44%) to the population. Accession AZ1840 was an introduction into the MFGC in 1984 from 
the Manawatu region of New Zealand and produced 20 half-sib and full-sib offspring families. 
Accessions AZ170, AZ2022 and AZ1649 contributed 22, 22 and 29 half-sib and full-sib offspring 
families respectively. Accession AZ2022 was an introduction from the Manawatu region, and 
accession AZ1649 was an introduction from Portugal in 1983. 
Two accessions, AZH1605 and C25897, contributed a large number of half-sib and full-sib offspring 
families to the T. repens x T. occidentale ISH, population. Accession AZH1605 (k=0.008) was known 
as a BC1F2 hybrid with accession AZH784 as its parent. Accession C25897 was bred in 2010 with 
accession C25638 as its parent. The white clover cultivars, ‘Grasslands® Mainstay’ and ‘Grasslands® 
Kopu Ⅱ’, were listed among the lineage. Mainstay white clover is a large-leaved, high yielding white 
clover that has high dry matter yield (Agricom, 2015). Kopu Ⅱ is a large-leaved, high yielding white 
clover which has a high tolerance to clover root weevil (Woodfield et al., 2001). as the aim of the ISH 
was to increase yield, tolerance to pests and drought tolerance, it is sensible that these two cultivars 





Table 5.2 Number of generations, offspring distribution and number of terminal and orphan lines for seven Trifolium species at the Margot Forde 





















Year of entry 
of the first 
accession 
T. ambiguum 0-2 0-122 6 2-122 39 42 (5.2%) 765 (94.0%) 1962 
T. arvense 0-1 0-5 4 1-5 2 32 (36.4%) 52 (59.1%) 1962 
T. dubium 0-2 0-25 31 1-25 1 24 (11.2%) 160 (74.8%) 1956 
T. hybridum 0-2 0-7 27 1-7 1 66 (18.1%) 270 (74.2) 1955 
T. medium 0-1 0-39 14 1-13 5 5 (4.5%) 93 (83.0%) 1939 
T. subterraneum 0-3 0-3 13 1-2 1 
225 
(47.6%) 
235 (49.7%) 1956 
T. repens x  
T. occidentale 
0-3 0-65 75 1-32 6 
732 
(49.7%) 
1054 (71.6%) 2015  
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5.3.2 Influencing accessions and introductions 
Relevant parents are described in this study as accessions that have structured large portions of the 
pedigree.  
T. ambiguum 
Two relevant parents, AZ1981 and AZ104, from T. ambiguum influenced the population structure of 
the species. Accession AZ1981 was introduced in 1985 from New South Wales, Australia. It is better 
known as cultivar Monaro. Accession AZ104 was also an introduction from Australia in 1962 from 
the organisation Commonwealth Scientific and Industrial Research Organisation.  The introductions 
from T. ambiguum were from Armenia, Georgia, Russia and Turkey (Figure 5.1a). 
T. arvense 
A total of three relevant parents, AZ1353, AZ2855 and AZ2925 were discovered for T. arvense. 
Accession AZ1353 was introduced into the MFGC in 1979. Accession AZ2855 was introduced in 
1989 from the Yugoslavian Forage Legume Collection. Accession AZ2925 was an introduction from 
Hawkes Bay in 1990 and was collected from verges and cliffs. Hawkes Bay is a region in the east 
coast of New Zealand’s North Island that generally has a warm and relatively dry climate. The 
northern and central bays of the region include hilly coastal land. The species is often present in areas 
with sandy soil, sand dunes, and in areas that are not irrigated. The influence of the founding accession 
AZ2925 could be attributed to the strong adaptation of the accession to an environment similar to its 
native range. Country of origin was recorded for 47 introductions for T. arvense (Figure 5.1b). 
T. dubium 
A total of two relevant parents, AZ753 and AZ2022, from T. dubium. Accession AZ753 was an 
introduction from Portugal in 1975. Accession AZ2022 was introduced into the MFGC in 1986 and 
was from a pasture selection from the Manawatu region in New Zealand. The summer climate of 
Manawatu is temperate, as is the semi-arid climate of Portugal.   T. dubium had 16 introductions with 
a recorded country of origin (Figure 5.1c). 
T. hybridum 
A total of two relevant parents, AB75 and AB230 were identified for T. hybridum. Accession AB75 
was a Mackenzie country, New Zealand collection and was introduced into the MFGC in 1973. 
Accession AB230 was collected from Belarus in 1975. Both Belarus and the Mackenzie country have 
very distinct seasons; long dry summers and cold snowy winters.  T. hybridum had 20 introductions 




Figure 5.1 Total number of introductions into the Margot Forde Germplasm Centre germplasm collection from listed geographic locations for T. 
ambiguum (a), T. arvense (b), T. dubium (c), T. hybridum (d), T. subterraneum (e) and T. repens x T. occidentale interspecific hybrids (f). 
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T. medium 
A total of two relevant parents, Z1 and Z127, were identified for T. medium. Accession Z1 was an 
introduction from the former USSR in 1939. Z127 was introduced into the MFGC in 1985 and was 
categorised as a breeding line.  
T. subterraneum 
A total of four relevant parents, AK1213, AK452, AK799 and AK334, were identified for T. 
subterraneum. Accession AK334 was introduced into the MFGC in 1956 and was an early flowering 
type. Accession AK452 was introduced into the MFGC in 1962 and was a collection from Morocco. 
Accession AK799 was a collection from France in 1987 and was subject to a flowering/formononetin 
breeding selection. Accession AK1213 was collected from South Australia in 1993.  
T. subterraneum had the largest number and accessions from different countries. The prominent 
countries of origin from the highest to lowest number of accessions were Greece (49), France (41), 
Portugal (38) and New Zealand (20), Spain (13) and Morocco (10) (Figure 5.1e).  
T. repens x T. occidentale ISH 
The ISH, T. repens x T. occidentale, had three relevant parents, AZH776, AZH784 and AZH761. 
Accession AZH776 was introduced into the MFGC and had the commercial cultivar ‘Durana’ in the 
parentage (Bouton et al., 2005). Accessions AZH784 and AZH761 entered the MFGC in 2016. The 
parentage for both accessions are two commercial cultivars, ‘Kopu II’ and ‘Durana’. Kopu Ⅱ is a 
large-leaved white clover cultivar that is high yielding and recovers rapidly after grazing (Widdup et 
al., 2015).  Durana is a small-leaved white clover cultivar that originated from the United States 
(Bouton et al., 2005).   A total of 300 parental accessions had country of origin information. The 
largest number of introductions were made in T. occidentale x T. repens with 162 parental accessions 
from Spain and 55 from Portugal (Figure 5.1f). 
5.3.3 Diversity and inbreeding 
Trifolium ambiguum 
There were four accessions that strongly influenced the population structure of T. ambiguum (Figure 
5.2a); AZ212, AZ2594, AZ3326 and AZ3116. Accession AZ212 (k=0.008) was listed in 1963 and had 
the half parentage AZ104. Accession AZ2594 (k=0.125) was listed in 1987 and had the half parentage 
of AZ2359. Accession AZ3326 (k=0.09) was listed in 1996 and had the parentage of AZ212. 
Accession AZ3116 (k=0.081) was listed in 1993 and had the half parentage of AZ2640. It was known 
as the ‘Monaro late flowering selection’. Monaro is a high performing Australian cultivar, which has 
however, poor seed yield. However, breeding has progressed using hexaploid Monaro lines to improve 
the seed yield (Widdup, et al., 1996). 
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Figure 5.2 Dendrogram drawn based on a distance matrix of T. ambiguum. Accessions indicated 
on the fusion points are influential parents determined by highest average kinship (k) 
in the clade. The number of accessions within clades are indicated in parentheses. 
Trifolium arvense 
There were four accessions that strongly influenced the population structure of T. arvense (Figure 5.3); 
AZ2252, AZ6228, AZ4764 and AZ6662. Accession AZ2252 (k=0.025) was listed as an accession in 
1986 and had the half parentage of AZ1353. AZ6228 (k=0.007) was listed as an accession in 2013 and 
had the half parentage of AZ4755. Accession AZ4764 (k=0.028) was listed as an accession in 2002 
and had the half parentage of AZ2252. Accession AZ6662 (k=0.012) was listed as an accession in 
2014 and had the half parentage of AZ2925. 
Clusters 1, 3 and 4 of the dendrogram (Figure 5.3) can be explained by country of origin. Clusters 1, 3 
and 4 had accessions with specific country of origin. Cluster 1 had Turkey (11), cluster 4 had Turkey 
(1), New Zealand (5) and Romania (1). Cluster 3 had Cyprus (3), Armenia (3), Yugoslavia (1) and 
Greece (9).  
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Figure 5.3 Dendrogram drawn based on a distance matrix of T. arvense. Accessions indicated on 
the fusion points are influential parents determined by highest average kinship (k) in 
the clade. The number of accessions within clades are indicated in parentheses. 
Trifolium dubium 
There were three accessions that strongly influenced the population structure of T. dubium (Figure 
5.4); AZ4562, AZ2546 and AZ2019. Accession AZ4562 (k=0.001) was listed as an accession in 1998 
and was known as ‘suckling clover’; the parentage listed was AZ2641. Suckling clover is native to 
Europe and has been found to grow in subarctic regions (Nawrocki, 2011). Accession AZ2546 
(k=0.038) was listed as an accession in 1987 and had the half parentage of AZ2019. Accession 
AZ2019 (k=0.029) was listed as an accession in 1986 and had the half parentage of AZ753. 
Clusters 3 and 4 in the dendrogram (Figure 5.4) can be explained by country of origin. Cluster 4 had 
three countries with one accession from, New Zealand, France and Portugal. Cluster 3 had Romania 
(2), New Zealand (2), France (1) and the UK (1).  
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Figure 5.4 Dendrogram drawn based on a distance matrix of T. dubium. Accessions indicated on 
the fusion points are influential parents determined by highest average kinship (k) in 
the clade. The number of accessions within clades are indicated in parentheses. 
Trifolium hybridum 
There were four accessions that strongly influenced the population structure of T. hybridum (Figure 
5.5); AB444, AB402, AB290 and AB275. Accession AB444 (k=0.004) was listed as an accession in 
1991 and had AB402 as half parentage listed. Accession AB402 (k=0.025) was listed as an accession 
in September 1988 and had the half parentage listed as AB290. Accession AB290 (k=0.011) was listed 
as an accession in 1984 and had the half parentage listed as AB230. Accession AB275 (k=0.003546) 
was listed as an accession in 1984 and had the half parentage of AB75 listed.  
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Figure 5.5 Dendrogram drawn based on a distance matrix of T. hybridum. Accessions indicated 
on the fusion points are influential parents determined by highest average kinship (k) 
in the clade. The number of accessions within clades are indicated in parentheses. 
Trifolium medium 
There were four accessions that strongly influenced T. medium (Figure 5.6); Z79, Z73, Z234 and 
Z157. Accession Z79 (k=0.063) was listed as an accession in 1954 and had the full parentage listed as 
Z13/Z16. Accession Z73 (k=0.061) was listed as an accession in 1954 and had the full parentage of 
Z6/Z16. Accession Z234 (k=0.012) was listed as an accession in 2014 and had the half parentage of 
Z13. Accession Z157 (k=0.125) was listed as an accession in 1989 and had the half parentage of Z127. 
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Figure 5.6 Dendrogram drawn based on a distance matrix of T. medium. Accessions indicated on 
the fusion points are influential parents determined by highest average kinship (k) in 
the clade. The number of accessions within clades are indicated in parentheses. 
Trifolium subterraneum 
There were four accessions that strongly influenced T. subterraneum (Figure 5.7); AK871, AK982, 
AK1309 and AK1333. Accession AK871 (k=0.002) was listed as an accession in 1988 and had the 
half parentage of AK576. Accession AK982 (k=0.009) was listed as an accession in 1989 and had the 
half parentage of AK799. Accession AK1309 (k=0.009) was listed as an accession in 2014 and had the 
half parentage of AK1213. Accession AK1333 (k=0.001) was listed as an accession in 2015 and had 
the half parentage of AK982. 
Identifiable proportions of the dendrogram (Figure 5.7) can be explained by the country of origin. 
Cluster 2 has 64 accessions that are associated with a specific country; Morocco (5), New Zealand (7) 
Algeria (2), France (1), Greece (22), Israel (2), Italy (4), Portugal (12), Spain (6), Tunisia (1) and 
Yugoslavia (2). In comparison, cluster 4 had 15 accessions associated with a listed country; France 
(1), New Zealand (2), Italy (4) and Portugal (8).  
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Figure 5.7 Dendrogram drawn based on a distance matrix of T. subterraneum. Accessions 
indicated on the fusion points are influential parents determined by highest average 
kinship (k) in the clade. The number of accessions within clades are indicated in 
parentheses. 
T. repens x T. occidentale ISH 
There were three accessions that strongly influenced T. repens x T. occidentale (Figure 5.8); AZH446, 
AZH1605 and AZH1884. Accession AZH446 (k=0.001) was listed as an accession in 2016 and had 
the half parentage listed of C25897 and a commercial white clover cultivar, ‘Trophy’. Accession 
AZH1605 (k=0.008) was listed as an accession in 2016 and had the half parentage of AZH784. 
Accession AZH1884 (k=0.008) was listed as an accession in 2016 and had the full parentage listed of 
AZH1608/AZH1605. The accession AZH1605 had the ancestor of Kopu Ⅱ and Durana, and AZH1884 
had the ancestor Durana. Both Kopu II and Durana are commonly used commercial varieties in the 
New Zealand pastoral sector. 
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Figure 5.8 Dendrogram drawn based on a distance matrix of T. repens x T. occidentale 
interspecific hybrids (g). Accessions indicated on the fusion points are influential 
parents determined by highest average kinship (k) in the clade. The number of 
accessions within clades are indicated in parentheses. 
5.3.4 Half kinships, indirect relationships and unrelated accessions 
A total of 298,378 pairwise combinations were calculated within T. ambiguum, from 772 accessions. 
The overall kinship mean was 0.009, representing the overall average diversity of 0.99 based on 
parentage information. Out of the total 298,378 pairwise combinations, 289,775 (97.12%) had k=0, 
2,581 (0.86%) had k=0.0625, 2,904 (0.97%) had k=0.125, 2,197 (0.74%) had k=0.25 and 149 (0.04%) 
had k=0.5. 
A total of 1,540 pairwise combinations were calculated within T. arvense, from 55 accessions. The 
overall kinship mean was 0.004, representing the overall average diversity of 0.996 based on 
parentage information. Out of the total 1,540 pairwise combinations, 1,467 (95.26%) had k=00, 10 
(0.65%) had k=0.25 and 8 (0.52%) had k=0.5. 
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A total of 18,336 pairwise combinations were calculated within T. dubium, from 191 accessions. The 
overall kinship mean was 0.005, representing the overall average diversity of 0.995 based on 
parentage information. Out of the total 18,336 pairwise combinations, 17,790 (97.02%) had k=0, 15 
(0.08%) had k=0.0625, 108 (0.59%) had k=0.125, 182 (0.99%) had k=0.25 and 49 (0.27%) had k=0.5. 
A total of 19,110 pairwise combinations were calculated within T. hybridum, from 196 accessions. 
The overall kinship mean was 0.001, representing the overall average diversity of 0.999 based on 
parentage information. Out of the total 19,110 pairwise combinations 19,048 (99.68%) had k=0, 8 
(0.04%) had k=0.125, 18 (0.09%) had k=0.25 and 36 (0.19%) had k=0.5. 
A total of 5,778 pairwise combinations were calculated within T. medium, from 107 accessions. The 
overall kinship mean was 0.022, representing the overall average diversity of 0.978 based on 
parentage information. Out of the total 5,778 pairwise combinations, 5,260 (91.03%) had k=0, 332 
(5.75%) had k=0.25 and 79 (1.37%) had k=0.5. 
A total of 30,876 pairwise combinations were calculated within T. subterraneum, from 248 accessions. 
The overall kinship mean was 0.0002, representing the overall average diversity of 0.9998. Out of the 
total 30,876 pairwise combinations 30,613 (99.15%) had k=0, 1 (0.003%) had k=0.25 and 14 (0.05%) 
had k=0.5. 
A total of 207,046 pairwise combinations were calculated within T. repens x T. occidentale. The 
overall kinship mean value was 0.004, representing the overall average diversity of 0.996 based on 
parentage information. Out of a total 207,046 pairwise combinations, 206,126 (99.56%) had k=0, 4 
(0.002%) had k=0.13, 141 (0.07%) had k=0.25, 132 (0.06%) had k=0.5.  
5.4 Discussion 
5.4.1 T. ambiguum pedigree map complexity 
The lineage of the cultivar Monaro had a large contribution to the pedigree of T. ambiguum. Monaro is 
a hexaploid (6x=48) Australian cultivar described as vigorous and productive. It is suitable for most 
environments, especially areas where there is periodic summer drought (Fu, et al., 2001, Oram, 1977, 
Virgona, et al., 1996). Virgona, et al. (1996) examined the performance of Monaro 11 years after 
establishment in south-eastern Australia against T. repens and T. subterraneum. Monaro was superior 
in legume content, digestibility and ability to respond to additional fertiliser.  
The large root and rhizome systems of T. ambiguum and its well described tolerance to drought 
(Oram, 1977, Sheaffer, et al., 2009, Virgona, et al., 1996) has prompted its crossing with white clover 
(T. repens x T. ambiguum). White clover has a shallow root system which leads to underperformance 
in drought conditions. The T. repens x T. ambiguum ISH breeding programme has shown success in 
integrating larger root systems into the hybrid progeny (Abberton, et al., 1998, Marshall, et al., 2015). 
Abberton, et al. (1998) showed that BC3 hybrids were outperforming the other hybrids, T. ambiguum 
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and T. repens in root characteristics. Marshall, et al. (2003) showed that comparisons of above-and-
below ground biomass for BC1 and BC2 hybrid plots showed more dry matter in roots and rhizome of 
clover than in the T. repens plot.  
5.4.2 Influencing accessions and pre-breeding traits 
Over the period (1950-2016) there have been many international introductions of Trifolium species 
into the MFGC (Figure 5.1). The introduction of germplasm from other countries has increased the 
variation in the MFGC’s clover collection and is crucial for maintaining the improvement of elite 
clover material. Introduced germplasm is important in pre-breeding programmes and often become the 
parents that influence the population structure.  
T. subterraneum is one of Australia’s most important forage legumes and has adapted to the harsh 
Mediterranean climates in specific parts of Australia (Nichols, et al., 2007a, Nichols, et al., 2013b). 
Introductions from the semi-arid conditions of South Australia and Morocco can provide insight into 
the adaptation extremes of subterranean clover. Having the adaptation to dry climates can be 
beneficial for drought-tolerant breeding programmes. In New Zealand, this is a prominent expectation 
of subterranean clover and is being trialled on dry areas of both hill and high-country farms to replace 
the use of white clover where irrigation is not available (Lucas, et al., 2015, Macfarlane, et al., 1990a, 
Macfarlane, et al., 1984, Widdup, et al., 2000). Using more drought-tolerant T. subterraneum will 
increase its versatility in location of sowing and ability to withstand and persist in dry conditions. 
The T. repens x T. occidentale ISH had introductions from countries that have dry, arid conditions, 
suitable for drought-tolerant phenotypes. The common objective of breeding programmes for T. 
subterraneum and T. repens x T. occidentale is to introgress drought tolerance traits, often through 
breeding for persistence in the former and larger root systems in the latter.  
Kopu Ⅱ was present in the pedigree of the T. repens x T. occidentale ISH. Kopu Ⅱ is a large leaf, 
highly persistent and yielding white clover that has rapid recovery after grazing and elevated sugar 
levels. A crucial advantage of Kopu Ⅱ is the high tolerance to clover root weevil, which is becoming 
an increasing problem in pastoral systems (Woodfield et al., 2001). Durana was bred specifically to be 
highly persistent under grazing pressure and to tolerate acidic soils (Bouton, et al., 2005). The 
commonality of the two commercial cultivars having persistence as the key objective could be what is 
influencing the ancestors to be at the top of the clusters. While white clover has suitable persistence 
for multiple pastoral systems, T. occidentale is not as broadly adapted. By using the cultivars that are 
very high in persistence in an ISH, it could reduce the risk of losing the persistence traits in 
recombination events.  
Climatic and geographical similarities between the influencing accessions in all Trifolium spp is strong 
reasoning behind the divergence and influence of the founding accessions. The regions and countries 
associated with accessions provide insight into desirable phenotypic advantages. There were several 
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accessions originating from Australia, which has several climate zones due to the latitudinal span of 
the country, ranging from temperate to tropical climates. However, the largest area of Australia is 
desert and semi-arid. Therefore, the phenotypes of plant introductions from Australia are often drought 
tolerant and adapted to arid climates. Accessions originating from the Mediterranean region will have 
similar adaptations to Australia due to similar climates (Bolle, 2003). The Mediterranean has dry 
summers and rainy winters, often producing collected ecotype accessions with drought-tolerant 
phenotypes.  
There were three regions in New Zealand where accessions have originated from: Manawatu, Hawkes 
Bay and Mackenzie country. The Manawatu region in New Zealand is not exposed to extreme climatic 
conditions. However, drought conditions can occur in summer (Chappell, 2015). The Hawkes Bay 
region is prone to rainfall and temperature variations. The summer season is drought-prone with 
prevailing winds (Thompson, 1987). The Mackenzie country is one of the driest areas of New 
Zealand. The region has a temperate-continental climate with long, hot summers and snow in winter 
(NIWA, 2017). Within the Trifolium spp. introductions, drought-tolerant traits are often a desirable 
adaptation to have and are a common breeding objective. As the species are used in pastoral systems 
in New Zealand, both irrigated and non-irrigated, it is often desirable that the species have summer 
drought tolerance.  
5.4.3 Diversity of Trifolium accessions 
The kinship values indicate that genetic relatedness within Trifolium spp. is low (Figure 5.9). 
However, kinship, as derived in this study, overestimates genetic diversity because we assume that all 
relevant parents are unrelated, as they are giving rise to different clusters in the population structure. 
However, this does not have to be true. Crucial genes that control species-specific characteristics (e.g., 
leaf size and trifoliate leaf) must be homologous so that the individual can be classified as a member 
of the species (Graczyk, et al., 2015). Kinship may overestimate genetic diversity because of 
unaccounted relationships due to the lack of bookkeeping when recording crosses. In all Trifolium spp. 
reported here, there were accessions with null parentage listed (Table 5.1). These were excluded from 
the genetic parameter analysis due to the questionable results of whether a zero kinship was from null 
parentage or a true zero k value. The correlation of estimates of genetic diversity based on pedigree 
data have been reported for other plant species (Lacombe, et al., 2013, Navabi, et al., 2014). However, 
missing data in the parental information can influence correlations to be poor, with higher correlations 
being expected when the available pedigree information is more detailed (Lacombe, et al., 2013). El-
Kassaby, et al. (2011) argues that when looking at a pedigree on a species level, not all crosses need to 
be accurately recorded as the pedigree is producing a large overview of population-specific patterns, 
rather than within cluster or accession analysis. If the purpose of the study is to analyse within cluster 
or accession patterns, it is crucial that the pedigree data is complete or near-complete. 
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Figure 5.9 The trend in average (a) and cumulative (b) kinship in seven Trifolium species across 
seven decades. 
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Interestingly, a large proportion of accessions in Trifolium spp. had an average kinship coefficient of 
0, showing that they are completely unrelated to any accession within the species. This indicates 
useful crosses that could be planned across breeding pools to generate new variation. Populations with 
a wider genetic base and greater adaptation could produce offspring with important agronomic traits. 
Within species diversity is a topic of high importance to many pastoral research groups because of the 
documented benefits of greater genetic variation (Sanderson, et al., 2004).  
Intra-population genetic diversity is important for the long-term persistence of breeding programmes 
for two main reasons: 1) phenotypic variation is correlated with adaptive potential of populations, and 
2) neutral genetic variation of natural populations reflects inbreeding and genetic drift, which reduces 
the variation within populations (Blows, et al., 2005, Kahilainen, et al., 2014, Reed, et al., 2003). 
5.4.4 Genetic resources for Trifolium improvement 
The Trifolium genus is held in many genebanks globally, comprising of landraces, accessions, 
breeding lines, wild relatives and commercial cultivars (Abbasi, 2008, Morris, et al., 2001, Rosso, et 
al., 2005, Rosso, et al., 2001). However, it has been noted that often Trifolium collections are biased 
towards the two major species, red and white clover. The first clover entry into the MFGC was in 1931 
and 1897 in the United States collection. In the USDA collection red and white clover contribute to 
56% of the collection. Wild relatives are present; however, the presence is poor for species that are 
possible gene sources. Only 4.5% of the collection is species that are close relatives to red and white 
clover (Morris, et al., 2001). 
The results from the Trifolium species in this study are comparable to the results by Egan, et al. 
(2019a) and Egan, et al. (2019b), where diversity within the white and red clover accessions at the 
MFGC were assessed. Overall, the level of variation was high across all of the Trifolium species 
accessions. These results are encouraging as the mating systems of Trifolium species are outcrossing 
and self-incompatible. Utilising the available variation within the accessions will assist breeders in 
developing populations for specific breeding targets. While it is useful to assess variation within each 
species, it is optimal to compare the results across species to harness all available variation for pre-
breeding and hybridisation programmes.  
The high levels of diversity found in the genebank collections reported in white (Egan, et al., 2019a) 
and red clover (Egan, et al., 2019b) are positive for future hybridisation programmes. Pre-breeding 
efforts in minor Trifolium species could complement white and red clover breeding. Egan, et al. 
(2019a) showed that the country of origin of accessions has influence on the population structure. 
Hybridisation programmes of major Trifolium species with characterised germplasm of minor species 
could utilise that information and increase the efficiency of crosses. The now-defined breeding pools 
in this study could be exploited for between- and-within pool crosses with white and red clover. 
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5.4.5 Pre-breeding from related species for Trifolium improvement  
Pre-breeding is an essential bridge between genebanks and breeding programs. Pre-breeding is defined 
as all activities designed to identify useful characteristics from unadapted germplasm. The goals of 
pre-breeding can be broadly classified as widening the base of diversity and to increase plant 
production through various traits. The programs developed from pre-breeding can generate new base 
populations with the end goal of cultivar development. When used in hybrid programs, heterotic 
patterns can be identified.  
The most prominent example of pre-breeding success in Trifolium is the development of the white 
clover ISH (Williams, 2014). Williams, et al. (2006) identified the 10 Trifolium species that could be 
used in hybridisation with white clover. It was thought that these species could bring useful traits to 
white clover as the minor species often have useful genes that can contribute to increased genetic gain 
(Abberton, 2007, Williams, 2010). Hoyos-Villegas, et al. (2019) investigated the rate of genetic gain 
in white clover in a selection of 80 white clover cultivars released between 1920 and 2010 across 17 
countries. Their study showed that there has been less than 0.17% gain per decade in both yield and 
content. The three species that have been popularly bred as hybrids are Trifolium uniflorum, Trifolium 
occidentale and Trifolium ambiguum. Trifolium uniflorum have been successful in breeding 
programmes and have shown promising results in producing hybrids that have increased performance 
under drought tolerance and reduced phosphate levels (Hussain, et al., 2017, Nichols, et al., 2014c, 
Nichols, et al., 2016, Nichols, et al., 2015). 
There has been less research performed for Trifolium pratense ISH, however, Trifolium medium has 
been popular for integrating perenniality into red clover (Abberton, 2007, Merker, 1984, Sawai, et al., 
1990, Sawai, et al., 1995). Isobe, et al. (2002) created four backcross generations of T. pratense x T. 
medium ISH. The BC4 plants had a 61% survival rate by the fourth year of the field trial and almost all 
BC4 plants produced mature seed. Female fertility was 21.3% and pollen fertility was 65.3%. These 
results showed the potential for these hybrids to be used in future red clover selection programs.  
Challenges in pre-breeding 
The ability for the germplasm held in the genebanks to respond to differing abiotic and biotic stresses 
is well recognised. However, as promising as pre-breeding is, there are big challenges too. The two 
biggest challenges are time and reducing linkage drag. A large time commitment is needed to identify 
useful germplasm and hybridise it with well-adapted germplasm whilst reducing the unwanted genes 
(Singh, et al., 2018). The time commitment is also largely dependent on the information on the 
accessions at the beginning of the pre-breeding programme (Nass, et al., 2000, Williams, et al., 2012). 
The ability to determine whether germplasm is compatible is also time consuming, especially if there 
is lack of knowledge around wild species. Linkage drag is a major limiting factor in pre-breeding and 
Sharma, et al. (2013) states that it is the most important factor responsible for low use of germplasm. 
Linkage drag is defined as the unplanned inheritance of undesirable genes along with the target genes 
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due to their close linkage (Acquaah, 2012). Generating large populations and utilising genomic tools 
can help to overcome linkage drag (Armstead, et al., 2001, Sharma, 2017, Sharma, et al., 2013). 
5.5 Conclusions 
We found that the genetic resources held in the Trifolium spp. at the MFGC have a wide genetic base. 
The pedigree maps constructed, and derived relatedness parameters estimated showed that seven 
Trifolium spp. in the MFGC have high diversity within the recorded germplasm. The absence of 
inbreeding in all species highlights the available genetic diversity and is a positive insight into what 
forage breeding has achieved. There were no visual bottlenecks in the pedigree maps. 
Germplasm exchange between countries and domestic and international collection trips has proved 
successful in creating a collection of accessions of Trifolium spp. for the MFGC. Influencing ancestors 
have been identified and relevant parents that influenced population structure have been distinguished. 
The results from interrogating the pedigrees showed that geographical origin seemed to be influencing 
the international introductions. Knowing the country of origin of accessions that contributed large 
numbers of progeny and resulted in elite material, and obtaining the breeding pools to which they 
belong, can provide knowledge on diverging phenotypic characteristics. This will enhance future pre-
breeding decisions (Zamir, 2001). Introductions from countries with semi-arid environments strongly 
influenced the population structures and adaptation to target environments drove divergence between 
the clusters of accessions.  
Overall, the results from this research on the population structure of Trifolium spp. are relevant to pre-
breeding efforts. Although Trifolium spp. are not as largely used as T. repens and T. pratense in 
agricultural systems, climate change and societal demands for sustainable agriculture will require that 
new traits are integrated into T. repens and T. pratense via interspecific hybridization. Species such as 
T. ambiguum can hybridise with white clover, and T. medium with red clover, to improve production 
and survival, particularly in marginal environments. The T. repens x T. occidentale ISH has been 
successful in the improvement of white clover root systems. With a known population structure, the 
future pre-breeding decisions can be more efficient and defined breeding pools will maximize 
germplasm utilisation. Breeders can make use of the assembled pedigree maps reported here to 
strategize how to maximize genetic variation and incorporate pre-breeding efforts in breeding 
programs. Despite the challenges associated with pre-breeding, it is critical that time and funding is 
invested into pre-breeding programmes. Utilising wild relatives will strengthen breeding programmes 





A genome-wide association study of herbage yield and stolon 
density in white clover 
6.1 Introduction 
Herbage yield and persistence are two important traits that determine the performance of white clover. 
Herbage yield, often indirectly measured through a growth score in the field, is directly related to 
animal live-weight gain and economic profit (Chapman, 1983). Persistence is an essential trait for 
animal grazing. The persistence of a white clover plant is dependent on many interacting factors, 
including plant morphology, biochemistry and environmental conditions (Baker, et al., 1987). 
Persistence begins with a robust and dense network of stolons to allow the plant to recover from 
grazing but also persist within a sward. Persistence can be measured indirectly through a stolon 
density score in the field (Widdup, et al., 2011). Woodfield, et al. (1996) summarised that plant 
breeders could increase persistence by increasing the rate of stolon formation. However, the negative 
correlation between herbage yield and stolon density is difficult for breeders to develop improved 
populations (Jahufer, et al., 1999). 
The different morphological growth stages of white clover are a challenge for breeders when trying to 
identify breeding lines that consistently have superior performance. It has become essential for white 
clover field trials to have at least three years of assessment to account for the variation in growth 
stages (Widdup, et al., 2011). Brock, et al. (2001) summaries the three distinct growth stages of white 
clover from seed as (i) seedling phase, (ii) tap-rooted phase, and (iii) clonal phase. The seedling stage 
has few stolon branches which are then rapidly increased in elongation in the tap-rooted phase. Due to 
the rapid increase in growth, the tap-rooted phase usually produces the most significant herbage yield. 
A mature clonal set of plants are present in the clonal phase, and the stolons are reliant on the nodal 
roots. Over time the larger plants are fragmented into smaller plants (Brock, et al., 2000). When white 
clover is in the clonal phase, herbage yield is often variable, but there is a general trend of decline 
(Caradus, et al., 1989c).  
Widdup, et al. (2011b) states that ten years of evaluation data on five different sites is needed for a 
white clover cultivar to go to market. This amount of time is deemed sufficient to test for all 
morphological growth phases and to assess tolerance to biotic and abiotic stresses. Although this is 
thorough and has been successful, there is ever demanding need on increasing the rate of selection 
cycles.  
Molecular markers have allowed the genetic dissection of complex traits and aided in selection cycles 
through marker-assisted selection. Next-generation sequencing (NGS) has enabled the identification of 
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thousands of SNPs at a low cost (Kumar, et al., 2012). However, the use of markers in white clover 
has been challenging. The breeding system and ploidy level complicate the genotyping and analysis of 
white clover, as there is variation between and within subgenomes (Kaur et al., 2012). 
The deployment of genomic techniques for selection of quantitative traits has practical relevance for 
open-pollinated forage legumes (Biazzi, et al., 2017). The integration of molecular tools into white 
clover breeding programmes to increase the speed and accuracy of targeting agronomic traits is 
desirable. Although the development of molecular tools in forage species has proved challenging, it 
has been successful (Faville, et al., 2012). The development of linkage maps in white clover has aided 
in identifying regions of the genome that contain genes controlling traits (Zhang, et al., 2007). QTL 
have been identified in white clover for a variety of agronomic traits, most notably seed yield (Barrett, 
et al., 2005, Barrett, et al., 2009, Cogan, et al., 2006, Zhang, et al., 2010).  
This chapter focuses on addressing the knowledge gap in understanding the genetic architecture of 
complex traits in white clover. The objectives of this chapter were to evaluate a panel of 242 white 
clover genotypes to (i) investigate population structure, and (ii) identify genomic regions that control 
herbage yield and stolon density. 
6.2 Materials and Methods 
6.2.1 Plant material and phenotyping 
The plant material used in this study was 242 white clover half-sib families used in a development 
population for the cultivar Mainstay. The population was selected for GWAS as it was diverse 
material being developed into elite populations, that had been phenotyped as part of a trial in a 
previous programme. The half-sib families were crossed in a polycross cage, and the seed was 
harvested from each maternal plant. 250 half-sib families were originally included in the population, 
but the number was reduced to 242 due to low numbers of seed for some of the half-sib families. The 
genotypes were phenotyped in Palmerston North, New Zealand from the 2011 summer season to the 
2014 autumn season. The growth score was scored on a scale of 0-10 with 0 being low growth and 10 
being high growth. The stolon density was scored on a range of 1-5 with 1 being low density and 5 
being high density. The parental germplasm originated from crosses between the white clover 
cultivars, Kopu Ⅱ and Barblanca (Crush, et al., 2015).  
6.2.2 Genetic markers 
DNA preparation and sequencing 
The plant material was leaf material that had been freeze-dried for five years. The DNA extraction 
methodology was the same as described in Anderson, et al. (2018). Briefly, the plant material (15-24 
individuals per half-sib family) were ground with a bead beater until the leaf material was in a powder 
form. The homogenisation buffer was added and centrifuged. The supernatant was removed, and the 
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precipitation buffer was added before mixing and incubating the plates. The plates were centrifuged at 
maximum speed for 30 minutes at room temperature. A binding buffer and the supernatant were mixed 
and centrifuged. The plates were then washed with a binding buffer and a wash buffer and centrifuged 
after each buffer was added. The plates were washed with ethanol and centrifuged. A new plate was 
used to collect the DNA. Tris HCl and RNAse A were added to the plates and centrifuged. The 
process yielded approximately 100µl of eluent containing 1-13µg DNA per well. The DNA was 
quantified with a Qubit® 2.0 Fluorometer, and 230-280nm absorbance scans performed on a 
Nanodrop ND-1000 Spectrophotometer. Quality control of the DNA was performed by using 0.8% for 
volume for TBE gel per 100ml of TBE buffer. DNA was loaded into the wells and underwent 
electrophoresis. The gels were stained by ethidium bromide and visualised with a UV transilluminator. 
The 242 white clover genotypes were genotyped using GBS. The GBS was performed through a 
modification of the Elshire, et al. (2011) and carried out at Cornell University. The methodology of the 
GBS protocol was based on Griffiths, et al. (2019) and the restriction enzyme PST1 was used. The 
genotypes were sequenced on an Illumina Hi-Seq. 
SNP calling and filtering 
Sequence reads were quality filtered and trimmed using Trimmomatic, removing sequence with an 
average quality below 20 on a sliding window of 10 nucleotides. Reads shorter than 100bp after 
trimming were discarded. The filtered reads were processed with the Tassel 5 pipeline, using the 
clover genome version 5 as reference. All parameters were left with default values except the 
minimum minor allele frequency, set to 0.001. The tags identified by Tassel5 were exported into a vcf 
format table. vcftools (Danecek, et al., 2011) is a program package designed for working with VCF 
files to provide methods for analysing complex genetic variation data in the form of VCF files. 
vcftools filtered the SNPs. The SNP filtering eliminated markers with a minor allele frequency (MAF) 
of <5%, markers with >80% missing data and depth of <5 and >300. SNPs were filtered for Hardy-
Weinberg equilibrium (HWE). The final set of SNPs contained a total of 5,543 SNPs. KGD is a 
package for the analysis of GBS data. Primarily, KGD constructs a genomic relationship matrix for 
genotypes but also has quality control, relationship estimation and pedigree verification tools. KGD 
was used to construct a genomic relationship matrix and visualise SNP characteristics (Dodds, et al., 
2015).  
6.2.3 Statistical analyses 
Linear mixed models 
Best linear unbiased predictions (BLUPs) were used to minimise the effect of environmental and year 
variation for the phenotypic data to input into the GWAS model. A mixed model in GenStat was used 
(VSN-International, 2019): 
𝑦 = 𝑋𝛽 + 𝑍𝑢 +  𝜀 
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where y is a known vector of observations, β is an unknown vector of fixed effects, u is an unknown 
vector of random errors, ε is an unknown vector of random errors, and X and Z are known design 
matrices relating the observations y to β and u. 
Principal component analysis 
The ordination technique of principal component analysis was calculated in GenStat using the sum of 
squares and products (VSN-International, 2019). All data were normalised by log transformation in 
Minitab (Minitab, 2006). Biplots visualised the variation within the population and the relationships 
among traits.  
6.2.4 Population structure and linkage disequilibrium analysis 
Plink was used to obtain the required input files (Purcell, et al., 2007). The python package 
fastStructure determined population structure (Raj, et al., 2014). Subpopulations were simulated for 
k=1 to k=10 to determine the mean of the variation posterior distribution over admixture proportions. 
The maximum likelihood estimation of individual ancestries from SNPs was calculated in 
ADMIXTURE to determine the optimal number of subpopulations (Alexander, et al., 2009). A 
neighbour-joining cladogram was generated in TASSEL (Bradbury, et al., 2007). The output Newick 
file was used for the input into the program FigTree to produce the cladogram (Rambaut, 2009). 
Plink was used to calculate linkage disequilibrium (LD) decay. The following equation was used (Hill, 
et al., 1968, Lewontin, 1964): 
𝑟2(𝑝𝑎, 𝑝𝑏 , 𝑝𝑎𝑏) =
(𝑝𝑎𝑏 − 𝑝𝑎𝑝𝑏)
2
𝑝𝑎(1 − 𝑝𝑎)𝑝𝑏(1 − 𝑝𝑏)
 
where pab is the frequency of haplotypes having allele a at locus 1 and allele b at locus 2. 
6.2.5 Genome-wide association analysis 
ASReml was used to fit a mixed model to obtain the residuals to use as phenotypes. The general linear 
mixed model equation used was: 
𝑦 = 𝑋𝜏 + 𝑍𝑢 + 𝑒 
where, y (n x 1) signifies the vector of observations, τ (p x 1) is a vector of the fixed effects, X (n x p) 
is the matrix that associates observations with the combination of fixed effects, u (q x 1) is a vector of 
random effects, Z (n x q) is the matrix that associates observations with the combination of random 
effects, and e (n x 1) is the vector of residual errors (Gilmour, et al., 2015)  
Probabilities of each genotype were calculated as in Li (2011) for each sample and SNP, assuming a 
sequencing error rate of 0.1%. The probabilities were used as a predictor variable in the GWAS 
analysis. 
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Marker-trait associations were analysed using the program ProbABEL (Aulchenko, et al., 2010): 
𝐸[Y] = Xβ = X𝑥β𝑥 + X𝑔β𝑔 
where, Y is the vector of phenotypic values, Xg is the design matrix containing data about predictors of 
interest, and Xx is the design matrix containing other covariates. βg and βx are the vectors of 
corresponding fixed effects. An additive model was fitted as the BLUPs were considered as breeding 
values. Manhattan and quantile-quantile (QQ) plots were generated with the ‘manhatplot’ function 
from GBS-PopGen on KGD GitHub (Dodds, et al., 2015). Significant SNPs were tested by 
recalculating the BLUPs in GenStat using the dosage variable for the SNP as a covariate.  
6.3 Results 
6.3.1 Genetic markers 
A total of 5,543 SNPs were present after filtering. The mean and minimum co-call rate for sample 
pairs was 0.69 and 0.08, respectively. The mean sample depth was 48.91, and the mean call rate was 
0.81. The MAF values ranged from 0.05-0.5 (Table 6.1). The SNP depth is visualised in Figure 6.1. 
The genomic relationship matrix generated from KGD calculated an average relatedness of 0.42. 
Table 6.1 The number of markers in the specified minor allele frequency range and the 









0-0.1 2298 36.20 0.1986 
0.11-0.2 1367 58.33 0.2059 
0.21-0.3 743 63.67 0.2033 
0.31-0.4 595 70.66 0.1825 
0.41-0.5 540 73.05 0.1997 
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Figure 6.1 Finplot of the 5,543 filtered SNPs in the 242 white clover genotypes. The Hardy-
Weinberg disequilibrium is plotted against the minor allele frequency (MAF) and 
shaded by the SNP depth.  
6.3.2 Phenotypic data 
A total of 13,598 growth scores were analysed. The mean and median growth score was 5.55 and 6, 
respectively. The values ranged from 0-10 (Figure 6.2). A total of 544 stolon density scores were 
analysed. The mean and median stolon density score was 2.77 and 3, respectively. The values ranged 
from 1-5 (Figure 6.3). Accessions with high growth and stolon density scores (GC216_139, 
GC216_272, GC216_186) and accessions with low growth and stolon density scores (GC216_285, 
GC216_261, GC216_004) are indicated in Figures 6.2 and 6.3. 
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Figure 6.2 Histogram of the growth score of the 242 white clover genotypes. The bins with 
accessions with high growth scores (GC216_139, GC216_272, GC216_186) and low 
growth scores (GC216_285, GC216_261, GC216_004) are indicated. 
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Figure 6.3 Histogram of the stolon density scores of the 242 white clover genotypes. The bins 
with accessions with high stolon density scores (GC216_139, GC216_272, GC216_186) 
and low stolon density scores (GC216_285, GC216_261, GC216_004) are indicated. 
Principal component (PC) analysis of the BLUPs of overall stolon density, overall yield, years 1, 2, 3 
and 4 growth scores, and autumn, winter, spring and summer growth scores generated a biplot (Figure 
6.4). Directional vectors indicate the correlations among the traits in the biplot. The different seasons 
and years of the traits are shown in different colours, and the genotypes are indicated by red circles. 
PC1 and PC2 explained 85.94% and 6.86%, respectively, of the total variation (Figure 6.4). All traits 
were significantly associated with PC1 (Table 6.2). Stolon density and autumn, year 1, year 3, year 4 
growth were significantly associated with PC2.  
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Figure 6.4 Biplot generated using standardised best linear unbiased predictor (BLUP)-adjusted 
means for stolon density (SD), overall growth score (GS), year 1 growth score (Y1), 
year 2 growth score (Y2), year 3 growth score (Y3), year 4 growth score (Y4), autumn 
growth score (AutGr), winter growth score (WinGr), spring growth score (SprGr) 
and summer growth score (SumGr) measured from 242 white clover genotypes. PC1 
accounted for 85.94% and PC2 6.862% of the variation present. The directional 
vectors indicate the traits: Y1, Y2, Y3, Y4, AutGr, WinGr, SprGr, SumGr, SD and 





Table 6.2 Correlation coefficients (P) and probabilities (r) for 10 plant traits with the first two 
principal components (PCs). The means of the traits were regressed against the scores 




 Correlation with 
PC2 
Trait description r P  r P 
Spring growth 0.975 0.001  0.079 0.223 
Summer growth 0.972 0.001  0.095 0.139 
Autumn growth 0.917 0.001  -0.332 0.001 
Winter growth 0.971 0.001  -0.041 0.527 
Year 1 growth 0.870 0.001  -0.449 0.001 
Year 2 growth  0.931 0.001  -0.064 0.321 
Year 3 growth 0.958 0.001  0.191 0.003 
Year 4 growth 0.830 0.001  0.460 0.001 
Growth average 0.999 0.001  0.018 0.781 
Stolon density 0.611 0.001  0.339 0.001 
 
PC analysis of the genotypes in the first subpopulation (Figure 6.9 cluster 1 and 2) showed that PC1 
explained 85.84% of the total variation and PC2 explained 6.728% of the total variation (Figure 6.5). 
Meanwhile, PC analysis of the second subpopulation (Figure 6.9 cluster 3) showed that PC1 and PC2 




Figure 6.5 Biplot generated using standardised best linear unbiased predictor (BLUP)-adjusted 
means for stolon density (SD), overall growth score (GS), year 1 growth score (Y1), 
year 2 growth score (Y2), year 3 growth score (Y3), year 4 growth score (Y4), autumn 
growth score (AutGr), winter growth score (WinGr), spring growth score (SprGr) 
and summer growth score (SumGr) measured from the 150 white clover genotypes in 
the first subpopulation. PC1 accounted for 85.84% and PC2 6.728% of the variation 
present. The directional vectors indicate the traits: Y1, Y2, Y3, Y4, AutGr, WinGr, 




Figure 6.6 Biplot generated using standardised best linear unbiased predictor (BLUP)-adjusted 
means for stolon density (SD), overall growth score (GS), year 1 growth score (Y1), 
year 2 growth score (Y2), year 3 growth score (Y3), year 4 growth score (Y4), autumn 
growth score (AutGr), winter growth score (WinGr), spring growth score (SprGr) 
and summer growth score (SumGr) measured from the 92 white clover genotypes in 
the second subpopulation. PC1 accounted for 86.32% and PC2 7.114% of the 
variation present. The directional vectors indicate the traits: Y1, Y2, Y3, Y4, AutGr, 
WinGr, SprGr, SumGr, SD and GS. Red circles indicate the genotypes. 
The estimates of correlations calculated for ten phenotypic traits are reported in Table 6.2 and 
visualised in Figure 6.7. All of the traits were correlated positively (p<0.001). In particular, strong 
correlations were found among growth score, autumn, winter, summer and spring growth. The 
correlations among seasons were, in general, stronger than among years. Years 2 and 3 growth showed 
strong correlations with spring, summer and winter growth. The weakest correlation (R=0.40) was 
between year 1 growth and stolon density. The correlation between the average growth score and 
stolon density was also weak (R=0.60). 
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Figure 6.7 Correlation heatmap and correlation r values among the phenotypic traits of stolon 
density, spring growth, summer growth, winter growth, year 1 growth, year 2 growth, 
year 3 growth, year 4 growth, autumn growth and growth score for 242 white clover 
genotypes. The colours represent the correlation, with red being more positive and 
blue more negative. *P < 0·001. 
6.3.3 Population structure and linkage disequilibrium 
Population structure 
Population structure effects are a frequent concern in GWAS studies. Accounting for population 
structure and relatedness is essential in mitigating false-positive associations (Sul, et al., 2018). 
fastStructure inferred population structure in the form of the optimal number of subpopulations (k) and 
resulted in a model complexity that had a maximum marginal likelihood of 2, and model components 
used to explain structure in the data of 2; or a k range of 1-2. ADMIXTURE used 10-fold cross-
validation and calculated k=2. The most suited k value displayed the lowest cross-validation error 
(Figure 6.8). Hence, a k value of 2 was selected to describe the population structure.  
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Figure 6.8 The number of subpopulations (1-6) simulated for the 242 white clover genotypes. 
The cross-validation error is on the y-axis, and the number of subpopulations is on 
the x-axis. 
The neighbour-joining cladogram showed the genotypes clustering in three clusters (Figure 6.9). 
Cluster 1 had 139 genotypes, cluster 2 had 11 genotypes, and cluster 3 had 92 genotypes. The average 
growth and stolon density score in cluster 1 was 5.85 and 3.03, respectively (Table 6.3). Cluster 2 had 
the highest average stolon density score (3.42) and growth score (6.87). Meanwhile, the average 
growth score of cluster 3 was 5.86, and the average stolon density score was 3.25. The average growth 
and stolon density scores across all clusters were 5.90 and 3.13, respectively. However, the growth and 
stolon density scores were not significantly different between clusters (p>0.05). 
 98 
 
Figure 6.9 The neighbour-joining cladogram of the 242 white clover genotypes. The genotypes 
clustered into the three diverging groups; 1 (black), 2 (green) and 3 (blue). Clusters 1 
and 2 were influenced by the Kopu Ⅱ phenotype and cluster 3 was influenced by the 
Barblanca phenotype. 
Table 6.3 The average growth and stolon density score and LSD(0.05) for the three clusters of the 
242 white clover genotypes identified in the cladogram (Figure 6.9). 
Cluster Growth score Stolon density score 
LSD(0.05) 1.102 0.616 
1 5.85 3.03 
2 6.87 3.42 
3 5.86 3.25 
Across all genotypes 5.90 3.13 
 
Linkage disequilibrium 
LD is the non-random association of alleles at different loci in a population. Many factors can alter LD 
including selection, population structure and genetic linkage. LD is measured by the comparisons of 
the observed frequencies of haplotypes to the frequencies expected based on the frequencies of the 
alleles that compromise the various haplotypes (Acquaah, 2012). For biallelic markers such as SNPs, 
LD commonly measured by r2; the square of the correlation coefficient between two indicator 
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variables (Hill, et al., 1968). Genome-wide LD was estimated between pairs of SNPs across 
chromosomes. LD decay was rapid across the white clover panel as r2=0.2 after 30bp. 
6.3.4 Marker-trait associations 
Associations were tested between 5,543 SNPs and each trait. Manhattan plots summarise the GWAS 
results in Figure 6.10. There were no significant SNPs for herbage yield and stolon density. The 
alignment of the QQ plots suggests that the pipeline did a sufficient job of controlling errors (Figure 
6.11).
 
Figure 6.10 Manhattan plots for (a) stolon density, (b) herbage yield. The chi-square value is on 
the y-axis, and the position of the marker is on the x-axis. Colour indicates 




Figure 6.11 The quantile-quantile (QQ) plots for (a) stolon density, (b) herbage yield. The 
observed chi-square value is on the y-axis, and the expected chi-square value is on the 
x-axis.  
6.4  Discussion 
6.4.1 Population structure 
Population structure is important to include in a mixed model to account for the relatedness among 
genotypes and to minimise Type 1 errors. In reality, a single k value from a population cannot be 
obtained as very rarely will a population be divided into discrete populations (Verity, et al., 2016).  
From a plant breeding perspective, it is important to identify the genetic structure and relatedness of 
the population. Population structure was estimated using two methods, and both calculated k=2. These 
results suggest that there is genetic differentiation among the genotypes. Population structure is 
common within populations in outcrossing plant species due to the highly heterozygous nature of the 
breeding systems. Several population genetics studies in white clover have presented similar results, 
and often within-population variation in white clover is present at high levels (Gustine, et al., 2001). 
Annicchiarico, et al. (2014) used simple sequence repeat markers on landrace and wild populations of 
white clover. While the variation between wild and landrace populations was low, the within-
population variation was approximately 10-fold greater than among population variation.  
The panel could be segregating into two subpopulations due to the breeding background of the 
population. The breeding material of the population was from a parental cross of the commercial 
cultivars Kopu Ⅱ and Barblanca. The accessions associated with Kopu Ⅱ and Barblanca in the MFGC 
were included in the pedigree analysis in Chapter 3 and were within the same cluster of the 
dendrogram (cluster 4, Figure 3.2). The pedigree traceback showed that Barblanca had a country of 
origin of The Netherlands and Kopu Ⅱ had a country of origin of France. Kopu Ⅱ had a large 
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percentage of the parentage from overseas germplasm including Italy, USA, Ireland and New Zealand 
germplasm (Woodfield, et al., 2001b). Whereas, Barblanca contained Spanish and Portuguese 
parentage. A study by Woodfield, et al. (2006) showed that Barblanca clustered with varieties of 
predominantly Mediterranean parentage. Both Barblanca and Kopu Ⅱ had a strong influence of the 
Canterbury and Manawatu regions of New Zealand in the pedigrees. The pedigree analysis results in 
chapter 3 showed that the country of origin could strongly influence the phenotype of the lineage. As 
the parental germplasm of Kopu Ⅱ is predominantly not from arid countries, whereas the Barblanca 
parental germplasm is, the difference in historical adaptation could be influencing the clustering 
pattern. 
Phenotypic differences could be diverging the Mainstay panel. We could infer that the genotypes are 
clustering based on which genotypes belong more to a Grasslands™ Kopu Ⅱ or Barblanca phenotype. 
The accessions in subpopulation 1 (clusters 1 and 2 in Figure 6.9) appear to have a Kopu Ⅱ influenced 
phenotype. Subpopulation 1 outperformed subpopulation 2 in yield in the 3rd year but had the lowest 
stolon density. Widdup, et al. (2015) showed that Kopu Ⅱ outperformed Barblanca in average yield 
under sheep grazing in the third year. The average growth score of subpopulation 1 was 6.36, which 
was higher than subpopulation 2 (5.86). Woodfield, et al. (1994) states that Kopu Ⅱ was developed 
from overall high yielding populations (Mackay, 1991). Subpopulation 2 could be influenced by 
Barblanca due to the high stolon density (Table 6.3). Barblanca is marketed as having strong 
persistence compared to other large-leaved cultivars (Barenbrug, 2013). 
Leaf size is a trait by which white clover cultivars are categorised. The leaf size of Barblanca is 
variable. Some reports state it is large-leaved (Woodfield, et al., 2006), while others state that it is 
medium/large-leaved (Widdup, et al., 2015). Kopu Ⅱ has an undisputed large leaf size (Woodfield, et 
al., 2001b). In general, large-leaved cultivars tend to have lower persistence due to less stolon density 
(Mackay, 1991). The relatively open stolon network and long length of stolons allow for grazing 
damage and decreases persistence. Improved persistence is generally found in white clover cultivars 
that are small or medium leaf size because of the dense network of multi-branched stolons (Korte, et 
al., 1984). There is a well-known inverse relationship between leaf size and stolon density; the larger 
the leaf, the less dense the stolon network (Woodfield, et al., 1994). Overseas large-leaved germplasm 
has been bred with locally adapted small-leaved ecotypes to attempt to overcome the relationship. 
Although the relationship has not been decoupled, there has been an improvement in the persistence of 
medium-large leaved cultivars (Widdup, et al., 2011).  
6.4.2 Linkage disequilibrium 
LD determines the marker density required for marker-based studies. LD is a highly variable statistic 
and is dependent on the locus and the different selection pressures on different parts of the genome. 
Outcrossing species have a higher recombination rate which is a factor leading to fast LD decay. 
Higher levels of LD are observed in self-pollinating species compared to outcrossing species, 
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highlighting the role that the species mating system has on the level of LD. Tenaillon, et al. (2001) 
published the first study on LD in Maize before increased use of breeding methods that exploited 
inbreeding were used. LD decay was within 400bp. Comparatively, Hagenblad, et al. (2002) 
determined LD decay in a selfing Arabidopsis population to be ~250kb.  
As white clover is a highly outcrossing species that suffers immensely from inbreeding depression, a 
rapid rate of LD decay is expected. Inostroza, et al. (2018) used a panel of 192 divergent genotypes of 
white clover from six populations. The LD showed rapid decay, with r2 decreasing to 0.45 after 9kbp 
and below 0.2 after 134kbp. However, the LD decay may be overestimated as the Medicago 
truncatula (barrel clover) genome was used as the reference genome, which is smaller than the white 
clover genome. Many other reports of LD decay in outcrossing forage species report a rapid decay 
(Brazauskas, et al., 2010, Li, et al., 2014b). Sakiroglu, et al. (2012) investigated LD decay in 374 
unimproved diploid alfalfa genotypes. In three of four candidate genes, LD decayed within 300bp 
below an r2 of 0.2. Xing, et al. (2007) evaluated 20 genotypes of perennial ryegrass (Lolium perenne 
L.) and found that seven genes showed rapid LD decay of 400bp at r2=0.2. 
Hayes, et al. (2013) suggests that the rapid LD decay in outcrossing forage species could be due to a 
very large past effective population size. White clover is a recent allopolyploid, and Williams, et al. 
(2012b) first reported that the event arose approximately 13,000 to 130,000 years ago during the last 
glaciations. More recently, Griffiths, et al. (2019) estimated that white clover originated ~15,000 to 
28,000 years ago. It is stated that Sved (1971) showed the expectation of r2 is 
1
4𝑁𝑒𝑐+1
 where Ne is the 
effective population size and c is the map distance (cM) between loci. Therefore, to have low r2 
values, a large Ne is required. White clover is bred through a variety of breeding techniques, such as 
biparental and polycrossing (Egan, et al., 2019a, Egan, et al., 2019b), which involve having large base 
populations. A common method of crossing is polycrossing, where many parents are placed in a 
crossing cage and pollinated with each other. This could infer the theory of a large Ne producing rapid 
LD decay. It is also a possibility that the mutation rate of white clover is so fast that the LD decay rate 
is rapid. Because effective recombination is increased in outcrossing species, LD will be less 
extensive. White clover is a species that is reliant on genetic drift and new variation in the population, 
so a rapid rate of LD decay is expected.  
Although the SNPs were filtered for HWE, it is likely that the proportion of the SNPs in HWE 
equilibrium are not equal (Figure 6.1). The theoretical basis of estimating linkage disequilibrium is 
based on the assumption that the population is in HWE, and random mating occurs. When 
investigating at a genome-wide view, even though loci are individually in HWE, it may not be true 
when multiple loci are considered simultaneously (Liu, et al., 2012, Wu, et al., 2010). The assumption 
of random mating may be disrupted when exposed to evolutionary forces such as selection and 
population structure (Lynch, et al., 1998). The open-pollinated population in this study underwent as 
close as possible to random mating, yet still had an unequal proportion of SNPs in HWE. Populations 
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that have a small number of ancestors and are under constant selection can violate the assumptions of 
HWE. As this population was under constant selection and came from only two parental cultivars, and 
had a population structure of k=2, it could explain the uneven proportion of SNPs. 
6.4.3 Marker-trait associations 
The GWAS panel used in this study was a single breeding population rather than a diversity panel. 
Diversity panels are normally used in GWASs as the implementation of GWAS is crucially reliant on 
population diversity (Mackay, 2001). The ability for a GWAS to identify an association between a 
SNP and a trait is critically dependent on the phenotypic variance explained by the marker (Korte, et 
al., 2013). Increasing the panel size will have little effect on the ability to detect a signal unless the 
phenotypic variation is increased. The effect size, how strongly the two allelic variants differ in their 
phenotypic variance, and their frequency, determines the phenotypic variance, and many traits in 
outcrossing species are polygenic with small effect size (Korte, et al., 2013).  
The phenotypic plasticity of white clover has been widely reported (Caradus, et al., 1993, Gautier, et 
al., 2001, Varin, et al., 2009, Welham, et al., 2002). The phenotypic plasticity is crucial for white 
clover production and survival under diverse climate environments and grazing management systems 
(Brock, et al., 1996). In this study, PC1 explained over 80% of the variation in all PCs, suggesting low 
levels of phenotypic diversity. The ability to detect a signal in a panel is significantly weakened when 
there are low levels of phenotypic variation. As previously explained, often in white clover 
populations, diversity is greater within a population than among populations. A recent report by Gage, 
et al. (2017) suggests that the improvement of maize by breeding may have reduced the genetic 
control of phenotypic plasticity through genotype by environment (GxE) interaction. This 
phenomenon could be contributing to the inability to find signals in a large white clover panel. 
All of the traits assessed in this study were found to be significantly associated with PC1. However, 
only stolon density and autumn, year 1, year 3, year 4 growth were significantly associated with PC2. 
White clover cultivars are bred to perform across many environments and for many years. During the 
breeding programmes, the cultivars are assessed in grazing trials for a minimum of three years, with a 
total of ten years of evaluation before they are released to the market. The relationship of the traits 
with PC1 suggests that the population has consistently performed across the four years of evaluation. 
The weakest correlation among the traits was between year 1 growth and stolon density. In the first 
year of growth for white clover, there is a low stolon density as the taproot is still present. After ~18 
months, the taproot dies, and the stolons are solely reliant on the nodal roots (Widdup, et al., 2011). 
The weak correlation between year 1 growth and stolon density is explained by the young growth 
stage of the white clover plants.  
The average growth score and stolon density score had a correlation of 0.60. Although survival of 
white clover is dependent on the persistence provided through a strong stolon density network, it is 
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well documented in the literature of the negative and often weak association between stolon density 
and herbage yield (Caradus, et al., 1989c, Jahufer, et al., 1999). As the growth score is used to infer 
herbage yield, this correlation supports the literature. However, the literature is unclear as to the basis 
of the negative correlation. Possible reasoning is pleiotropy or linkage, which could be overcome by 
breeding techniques, i.e. selecting recombinant genotypes (Jahufer, et al., 1999).  
It is well documented in the major cereals of wheat, barley and rice, that yield-related traits are 
controlled by large, complex gene networks (Gasparis, et al., 2011, Hanif, et al., 2016, Houston, et al., 
2013, Huang, et al., 2018, Nadolska-Orczyk, et al., 2017, Slavov, et al., 2014, Yu, 2017, Zheng, et al., 
2014). However, although the stolon characteristics of forages have been poorly uncharacterised in a 
molecular means (Cnops, et al., 2010, Inostroza, et al., 2018), it is thought that they are complex. 
Complex traits are hard to dissect as rare variants, and small effects sizes are often not detected in 
GWASs (Asimit, et al., 2010, Gibson, 2012). Dissecting complex traits through GWAS requires both 
high levels of phenotypic variation and power. In an attempt to mitigate the difficulties of dissecting 
complex traits, often GWASs are performed on species exposed to extreme climates (Ma, et al., 2016, 
Pham, et al., 2019, Tessmann, et al., 2018, Volante, et al., 2017). 
6.5 Conclusions 
• PC analysis of the ten traits identified that all traits had a significant association with PC1, 
while some had a significant association with PC2. The correlation of the traits showed strong 
correlations within both years and seasons but highlighted the weak correlation between stolon 
density and growth score.  
• The results from this chapter show the challenges of determining the genetic architecture of 
complex traits such as herbage yield and stolon density.  
• The lack of significant SNPs is most likely attributed to the lack of phenotypic variation 
within the population. The levels of phenotypic variation would need to be increased to 
increase the likelihood of detecting a signal. 
• The population structure of k=2 is most likely segregating because of the two parental 
cultivars. The high levels of genetic variation seen within the population are similar to other 
studies of within-population variation in white clover.  
• The rapid rate of LD decay was expected due to the outcrossing and highly heterozygous 




Transpiration rate of white clover (Trifolium repens) cultivars in 
drying soil 
This chapter has been prepared for submission to Frontiers in Genetics, special edition High-
Throughput Phenotyping for Crop Improvement and Breeding. 
7.1 Introduction 
White clover is the most important pastoral legume in temperate regions of the world and is usually 
grown in companion with ryegrass. The pasture mix of ryegrass and white clover is common in a 
variety of grazing systems, including sheep and beef, deer, and dairy. Globally, white clover is an 
attractive plant to have in pastoral systems due to the nitrogen fixation ability and the resulting role in 
sustainable farming systems. White clover is economically important to New Zealand and fixes 
approximately 1.57 million tonnes of nitrogen annually. New Zealand has the highest export share of 
white clover seed globally (57.5%), exporting approximately 4500 tonnes of white clover seed 
annually (Rattray, 2005). 
Globally, drought stress is one of the major limiting factors in white clover performance in pastoral 
systems. Climate change predictions show that there will be a global increase in temperature between 
4.5˚C to 18˚C over the next century; increasing drought periods globally (Fischlin, et al., 2007, IPCC, 
2013). With the expansion of farming into arid geographic areas, climate change and increased water 
restrictions, there has been more urgency to breed and utilize cultivars that can perform under drought 
stress. 
There have been several studies investigating the response of white clover to drought conditions 
(Annicchiarico, et al., 2004, Bermejo, et al., 2006, Li, et al., 2013a, Thomas, 1984). Thomas (1984) 
showed that the competitiveness of white clover in a sward is reduced significantly in drought-stressed 
environments which impacts severely on-farm production. There has been some success in studies 
investigating the biochemical and molecular basis of drought effects in white clover (Li, et al., 2014c, 
Li, et al., 2013b). Genomically, drought tolerance is extremely complex and a difficult trait to 
understand (Azhar, et al., 2018, Blum, 2011). Drought tolerance as a trait is polygenic and has been 
shown across many species to involve a large number of genes and different gene expression between 
plant tissues and growth stage (Blum, 2011, Chen, et al., 2008, Fleury, et al., 2010, Jiang, et al., 2010, 
Kasuga, et al., 2004, Shinozaki, et al., 2007, Umezawa, et al., 2006, Xiong, et al., 2006).  
Recurring droughts in New Zealand have increased farm management challenges for farmers. There 
have been many studies aimed at increasing performance in drought through agronomic practices (van 
den Bosch, et al., 1993, Widdup, et al., 2011). Although there has been little success in breeding 
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drought tolerant white clover cultivars, differing grazing management schemes can aid in protecting 
the plants under drought conditions (Brock, 1988). 
Understanding the relationship between drought tolerance and persistence will be beneficial for the 
further development of cultivars (Sanderson, et al., 2003). Persistence is defined as the maintenance of 
long-term agronomic yield and is a function of stolon growth and density (Annicchiarico, et al., 2004, 
Williams, 1987). Drought is one of the main persistence-limiting traits (Bouton, 2012). Drought 
conditions limit white clover stolon branching and rooting (Chapman, 1983), and higher stolon density 
is often associated with superior water conservation (Collins, 1998). The success of a forage cultivar is 
largely dependent on the ability of the plant to survive summer droughts and retain productivity 
(Annicchiarico, et al., 2011, Pecetti, et al., 2011). Both persistence and stolon density can be traits of 
interest to increase drought tolerance. Hutchinson, et al. (1995) carried out a 30-year study of 
environmental factors affecting the persistence of white clover and found that drought stress in late 
summer was the most critical limiting factor. Belaygue, et al. (1996) saw an 80% decrease in stolon 
density when rainfall decreased by 30%. Saeidnia, et al. (2018) noted that drought-tolerant genotypes 
of orchardgrass had high persistence and Saeidnia, et al. (2016) showed that drought conditions 
reduced forage yield and persistence strongly in orchardgrass.  
Traditional breeding methods, such as phenotypic selection, have been the most common in white 
clover breeding programmes. Selecting for deeper and more extensive rooting systems is a common 
breeding strategy. However, the correlation between root depth and drought tolerance remains unclear. 
The results from studies which analysed the association of rooting depth and drought tolerance are 
mixed. Caradus (1981) reported that germplasm with larger leaf size and root systems outperformed 
germplasm with smaller root systems. However, Barbour, et al. (1996) found no significant difference 
between the market class of the cultivar and the performance under drought conditions. Selecting for a 
deeper root system is complicated by the rooting pattern of white clover. A taproot is present for the 
early life of the plant (12-18 months) and afterwards is replaced with a shallow nodal root system. 
Annicchiarico, et al. (2004) proposed an alternative in selecting for greater root systems by selecting 
for thicker stolons and found that the plants with thicker stolons had increased root dry weight. 
White clover cultivars need to be exposed to the same drought condition to make accurate assumptions 
on differences of phenotypic performance in drought. In a field trial environment, phenotypic 
differences in performance can be due to differences in water regimes. Other measures of drought 
tolerance are needed to accurately determine the performance of plants in drought conditions (Ray, et 
al., 1997, Ray, et al., 1998, Sinclair, et al., 1986, Weisz, et al., 1994). 
Selecting genotypes that are conservative in water use is a selection strategy to increase drought 
tolerance. Traits such as normalised transpiration rate (NTR) and the fraction of transpirable soil water 
(FTSW) can be used to determine cultivars or families that perform better in drought-like conditions 
(Lecoeur, et al., 1996, Miller, 2000, Ray, et al., 1997, Ray, et al., 1998). Genotypes that are more 
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sensitive to drought will close their stomata earlier to preserve soil water content and may perform 
better in long-period drought conditions as water-conserving efforts occur earlier. Genotypes that have 
late stomatal closure may be better suited for quick-period drought conditions.  
Currently, there is limited published literature on calculating the NTR and FTSW critical threshold 
(FTSWc) of white clover cultivars in drying soil. We used a panel of 80 white clover cultivars to 
determine the FTSWc, marking permanent stomatal closure and the start of senescence. 
7.2 Materials and Methods 
7.2.1 Germplasm 
The 80 cultivars used in this study were the same as in Hoyos-Villegas, et al. (2019) and were released 
from 1920-2010 by both public and private breeding programs. The cultivars were from across New 
Zealand, Australia, United Kingdom and the United States of America. The cultivars ranged in leaf 
size of small (N=1), medium (N=53) or large (N=26) (Table 7.3). 
7.2.2 NTR and FTSW trial design 
Two glasshouse experiments were conducted at AgResearch, Lincoln. The first experiment was run 
from 09/12/2016-22/12/2016. Weather and glasshouse sensor data for that period showed that the 
average temperature was 22.39˚C, the average relative humidity was 57.00%, the average total daily 
solar radiation was 24.39MJ/m2, and the average vapour pressure deficit was 0.39kPa (Table 7.1). The 
second experiment was run from 02/02/2017-20/02/2017. The average temperature was 22.79˚C, the 
average relative humidity was 56.51%, the average total daily solar radiation was 19.82MJ/m2, and the 
average vapour pressure deficit was 0.41kPa (Table 7.2). The weather station was not equipped to 









Table 7.1 The relative humidity (%), mean temperature (˚C), daily solar radiation (MJ/m2) and 
vapour pressure deficit (kPa) from a weather station and glasshouse sensors for the 










9/12/2016 64.65 23.02 23.98 0.33 
10/12/2016 58.82 23.35 20.93 0.39 
11/12/2016 63.71 20.58 19.81 0.31 
12/12/2016 59.48 20.35 22.14 0.34 
13/12/2016 54.41 24.56 24.70 0.45 
14/12/2016 52.85 23.40 20.84 0.45 
15/12/2016 52.79 23.16 29.84 0.44 
16/12/2016 53.11 21.91 30.57 0.42 
17/12/2016 60.97 21.77 32.02 0.35 
18/12/2016 65.15 20.95 9.27 0.30 
19/12/2016 50.55 22.58 33.40 0.45 
20/12/2016 55.55 20.59 31.23 0.37 
21/12/2016 48.22 25.50 32.26 0.53 
22/12/2016 57.80 21.72 10.44 0.37 
Average 57.00 22.39 24.39 0.39 
Table 7.2 The relative humidity (%), mean temperature (˚C), daily solar radiation (MJ/m2) and 
vapour pressure deficit (kPa) from a weather station and glasshouse sensors for the 







radiation (MJ/m2)  
Vapour pressure 
deficit (kPa) 
2/02/2017 62.61 20.52 11.46 0.31 
3/02/2017 53.60 23.98 25.61 0.45 
4/02/2017 51.54 26.30 21.87 0.51 
5/02/2017 52.93 26.29 26.15 0.50 
6/02/2017 54.93 25.22 13.23 0.46 
7/02/2017 64.33 19.50 5.24 0.29 
8/02/2017 54.37 21.59 20.77 0.40 
9/02/2017 48.45 21.25 27.74 0.45 
10/02/2017 55.06 21.56 17.19 0.39 
11/02/2017 52.95 24.19 26.08 0.46 
12/02/2017 53.91 24.38 16.28 0.45 
13/02/2017 51.24 23.31 20.32 0.46 
14/02/2017 34.60 24.48 27.92 0.65 
15/02/2017 39.57 22.46 27.03 0.55 
16/02/2017 52.46 23.66 25.43 0.45 
17/02/2017 69.96 20.53 7.66 0.25 
18/02/2017 68.28 21.34 11.16 0.28 
19/02/2017 67.42 24.11 20.96 0.32 
20/02/2017 85.54 18.30 24.55 0.11 
Average 56.51 22.79 19.82 0.41 
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The 80 cultivars were exposed to two treatments, irrigated (control) and drought, and replicated twice 
in a randomised complete block design. Each cultivar was potted individually and grown in a 
glasshouse with the optimum temperature of 20-25˚C maintained. Ten bare pots were used to measure 
water loss through evaporation. The pots were watered to field capacity and then left to drain and 
sealed. The saturated weight of each pot was recorded. Daily measurements of soil water content, the 
weight of each pot, and the amount of water transpired, measured as the difference in pot weight, were 
recorded. 
Dry weight was measured by harvesting the roots and shoots. The samples were dried in the oven at 
80˚C for 12 hours and weighed (g). The leaf size used was the commercially stated leaf size associated 
with the cultivar. 
7.2.3 Calculations  
Vapour pressure deficit (VPD) was calculated using the formula in Conaty, et al. (2014): 
𝑉𝑃𝐷 = 𝑒𝑠 − 𝑒𝑎 
where VPD is the difference between ambient water vapour (ea) and the saturated vapour pressure (es) 
at the same temperature. The air temperature (Ta in ˚C) and relative humidity (RH in %) where: 








The transpiration data were analysed by the methodology described in Ray, et al. (1997). 
The transpiration rate (TR) was calculated using the formula:  
𝑇𝑅 =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑜𝑢𝑔ℎ𝑡 𝑝𝑜𝑡
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑝𝑜𝑡
 
where the soil water content and amount of water transpired measurements were normalised against 
the control pots. 
The NTR was calculated using the formula:  
𝑁𝑇𝑅 =  
𝑇𝑅
𝐷𝑎𝑦 3 𝑎𝑛𝑑 5 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑇𝑅
 
The transpiration values were normalised against the day 3 and 5 average TR to minimize the effects 
of fluctuations in transpiration. The TR on days 3 and 5 are considered to be under well-watered 
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conditions, allowing the plants to have an average NTR near-equal to one when sufficient soil water 
was available. 
FTSW was calculated using the formula: 
𝐷𝑎𝑖𝑙𝑦 𝐹𝑇𝑆𝑊 =  
(𝐷𝑎𝑖𝑙𝑦 𝑝𝑜𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝐹𝑖𝑛𝑎𝑙 𝑝𝑜𝑡 𝑤𝑒𝑖𝑔ℎ𝑡)
(𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑝𝑜𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝐹𝑖𝑛𝑎𝑙 𝑝𝑜𝑡 𝑤𝑒𝑖𝑔ℎ𝑡)
 
The relationship between the transpiration value and FTSW of each cultivar was explained by using 
non-linear regression to fit the equation:  
𝑁𝑇𝑅 =
1
[1 + 𝐴 × 𝑒𝑥𝑝(𝐵 × 𝐹𝑇𝑆𝑊)]
 
Comparisons of the curve generated for each cultivar were based on 95% confidence intervals of 
coefficients A and B. Plateau regression was used to determine the FTSWc. The curve predicts that 
NTR will remain near 1 up until a critical point, after which NTR decreases. The FTSWc is estimated, 
where NTR decreases linearly after that. The FTSWc marks the critical point where the stomata start 
to close, and transpiration decreases linearly.  
7.2.4 Statistical analysis 
Analysis of variance (ANOVA) in GenStat (VSN-International, 2019) examined the main effects of 
water and cultivar, as well as their interaction. Before ANOVA, data were tested for homogeneity of 
variances and no transformation of the data was required. Fishers LSD at p<0.05 was used throughout 
the chapter. 
A linear spline model was used to analyse the trend of the FTSWc over decades. Since the average 
trend showed a linear increase from 1920 up to 1960, then, changed into a decrease after 1960, the 
trend pattern was modelled as a linear spline model with a single knot at 1965. The linear spline trend 
model was estimated in regression by the formula: 
𝐼𝑛𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑝𝑜𝑖𝑛𝑡 = 𝑎 + 𝑏 𝑥 𝑇𝑖𝑚𝑒 + 𝑐 𝑥 𝑇𝑖𝑚𝑒_2 
where Time is a variable representing the decades in order, Time_2 is a variable also representing 
decades in a different order, and a, b and c are parameters to be estimated. In this formula, the 
increasing trend up to 1960 was estimated as a positive b value  - i.e. b = increasing rate per decade till 
1960, while the decreasing trend after 1960 was estimated as the sum of b + c, which should be a 
negative value – i.e. the absolute value of b + c = decreasing rate per decade after 1960. In addition, 
since the value of c indicated the difference of two trend slopes (one till 1960 and the other after 
1960), the significance level (p-value) associated with c indicated if the change of the trend from the 
increase to the decrease was statistically significant. 
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7.3 Results 
7.3.1 Dry weights 
The average dry weight for drought and irrigated plants was 16.27g and 22.70g, respectively. The 
plant total dry matter weights ranged from 11.23g to 29.25g for control plants and 10.65g and 23.32 
for drought plants (Table 7.3 and Figure 7.1). There was a significant overall difference (p<0.01) in 
the dry weights of the cultivars when averaged across the two water treatments (Duncan, 1955). The 
medium-leaved cultivars released in the 1920s were significantly different from all other groups for 
drought and irrigated plant dry weight (Tables 7.4 and 7.5). The large-leaved cultivars released in the 
1950s and 1960s were significantly different from all other groups for drought plant dry weight (Table 
7.4). The cultivar and drought interaction was not significant.  
Table 7.3 The cultivar names, the decade of release, countries of origin, registered leaf sizes, dry 
weights of the drought and irrigated treatments and the critical fraction of 
transpirable soil water (FTSWc) threshold of eighty white clover cultivars as 
indicated in Hoyos-Villegas, et al. (2019). Fishers LSD0.05 is presented for the dry 
weights of the irrigated and drought cultivars and the FTSWc. The ‘/’ denotes that 
the FTSW threshold was unable to be calculated for the cultivar because of the 
irregularities in the data for curve generation. Abbreviations: NZ, New Zealand; UK, 















LSD(0.05)  1.99 1.99 2.02 
Dutch white 1920 Netherlands Medium 13.58 17.75 0.23 
Irrigation 1930 Australia Medium 18.63 20.78 / 
Kent White 1930 UK Small 16.85 26.28 0.17 
Louisiana 1930 USA Medium 17.78 29.08 0.25 
S 100 1930 UK Medium 18.73 20.70 0.35 
Kersey 1940 UK Medium 21.55 28.68 / 
S 184 1940 UK Medium 17.18 23.05 0.28 
California Ladino 1950 USA Large 15.65 23.18 / 
Grasslands Huia 1950 NZ Medium 17.45 25.95 0.36 
Ladino Gitante Lodigiano 1950 USA Large 23.33 27.40 / 
Louisiana S1 1950 USA Medium 20.53 26.25 / 
Pilgrim 1950 USA Medium 17.35 29.25 0.28 
Sonja 1950 Sweden Large 18.70 23.30 0.33 
Tribla 1950 Belgium Medium 13.70 21.38 0.42 
Clarence 1960 Australia Medium 15.88 19.83 0.22 
Crau 1960 France Medium 16.43 22.38 / 
Haifa 1960 Israel Medium 14.95 22.35 0.38 
Regal 1960 USA Large 13.80 20.23 / 
Donna 1970 UK Medium 13.75 19.78 0.37 
Lune de mai 1970 France Large 17.28 24.23 0.21 
Milkanova 1970 Denmark Medium 17.18 24.13 0.26 
Olwen 1970 UK Large 15.08 21.88 / 
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Pitau 1970 NZ Medium 14.00 19.20 0.48 
Radi 1970 Poland Large 15.85 24.23 0.23 
Sacramento 1970 Poland Large 15.85 21.48 0.49 
Siral 1970 Australia Medium 15.25 18.35 / 
Alice 1980 UK Medium 14.18 19.38 0.36 
Aran  1980 Ireland Large 13.30 22.78 / 
Kopu 1980 NZ Large 17.05 21.93 / 
Lirepa 1980 Germany Medium 17.65 22.83 0.34 
Menna 1980 UK Medium 12.23 21.90 0.39 
Merwi 1980 Belgium Medium 15.35 22.33 0.37 
Osceola 1980 USA Medium 12.93 17.20 0.42 
Ross 1980 Ireland Large 16.75 24.95 0.40 
AberHerald 1990 UK Medium 14.13 22.25 0.12 
Challenge 1990 NZ Medium 14.40 21.40 0.27 
Crescendo Ladino 1990 USA Large 12.88 19.75 0.32 
Dacia 1990 Romania Large 16.53 26.03 0.28 
Jumbo 1990 USA Medium 18.80 24.00 0.20 
Kopu II 1990 NZ Large 14.33 20.80 0.34 
Le Bons 1990 NZ Medium 16.10 18.80 0.24 
Prop 1990 NZ Medium 14.20 23.00 0.34 
Regal Graze 1990 USA Large 18.15 28.40 / 
Riesling 1990 Netherlands Medium 15.75 22.75 0.30 
Sustain 1990 NZ Medium 16.05 17.50 0.32 
Triffid 1990 France Large 16.23 24.30 0.30 
Waverley 1990 Australia Large 12.93 22.53 / 
AberConcord 2000 UK Medium 15.95 23.13 0.20 
AberDance 2000 UK Medium 17.88 22.65 0.35 
AberNormous 2000 UK Large 16.78 21.58 0.26 
Aquiles 2000 Uruguay Medium 20.50 24.40 0.13 
Artigas 2000 Uruguay Large 16.10 22.90 / 
Barblanca 2000 France Medium 15.75 25.08 0.27 
Bounty 2000 NZ Medium 12.53 20.43 0.47 
Chieftain 2000 Ireland Medium 17.25 21.40 0.17 
Crusader 2000 France Medium 15.60 16.40 / 
Emerald 2000 NZ Medium 15.98 20.78 0.33 
Goliath 2000 Uruguay Large 17.95 26.58 0.17 
Klondike 2000 Denmark Medium 13.95 25.33 / 
Kotare 2000 NZ Large 14.65 19.45 0.42 
Quest 2000 NZ Medium 13.95 20.95 0.33 
Saracen 2000 Australia Medium 15.28 24.20 0.27 
Super Haifa 2000 Australia Medium 15.93 21.75 0.24 
Super Ladino 2000 Australia Large 17.10 22.98 0.18 
Tasman 2000 NE Medium 13.48 21.80 0.30 
Tillman II 2000 USA Large 16.80 23.15 0.28 
Tribute 2000 NZ Medium 16.48 21.05 0.52 
Trophy 2000 Australia Medium 10.65 11.23 / 
 113 
Vysocan 2000 Czech Large 15.33 21.93 / 
ABM21252 2010 NZ Large 17.33 24.25 0.18 
Calimero 2010 USA Medium 17.93 22.50 / 
Dairy B GC276 2010 Australia Medium 16.18 21.58 / 
Dairy D 2010 NZ Medium 21.53 26.08 0.18 
Elite Breeding A 2010 Australia Medium 18.05 24.73 0.24 
Kakariki 2010 NZ Large 18.08 25.93 / 
Katy 2010 USA Medium 18.70 21.28 0.24 
Legacy 2010 NZ Large 18.15 27.98 0.29 
Mainstay 2010 NZ Medium 18.40 26.95 0.29 
Quartz 2010 NZ Medium 16.53 23.58 0.24 
Weka 2010 NZ Medium 18.75 25.98 0.18 
 
 
Figure 7.1 Average dry weights for irrigated and drought treated plants, clustered by leaf size 
and decade of release.
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Table 7.4 The average dry weight for drought exposed cultivars, clustered by leaf size and 
decade of release. Duncan’s lettering compared the dry weights for leaf size and 
decade of release and the groups without a common small letter are significantly 
different at the 5% level of probability. 
Decade of release and leaf size Dry weight average LSD0.05 
1920 Medium 13.58a 4.57 
1960 Large 13.8a 4.65 
1980 Medium 14.47ab 2.82 
1970 Medium 15.04abc 3.05 
1990 Large 15.17abc 2.68 
2000 Medium 15.41abc 2.38 
1990 Medium 15.63abc 2.58 
1980 Large 15.7abcd 3.21 
1960 Medium 15.75abcde 3.36 
1970 Large 16.01abcde 3.10 
2000 Large 16.39abcde 2.56 
1930 Small 16.85abcdef 4.79 
1950 Medium 17.26acdef 3.25 
2010 Large 17.85acdef 3.00 
2010 Medium 18.26def 2.75 
1930 Medium 18.38def 3.89 
1950 Large 19.23f 3.53 
1940 Medium 19.36ef 3.96 
 
Table 7.5 The average dry weight for irrigated cultivars, clustered by leaf size and decade of 
release. Duncan’s lettering compared the dry weights for leaf size and decade of 
release and the groups without a common small letter are significantly different at the 
5% level of probability. 
Decade of release and leaf size Dry weight average LSD0.05 
1920 Medium 17.75a 6.54 
1960 Large 20.23ab 6.66 
1970 Medium 20.36abc 4.37 
1980 Medium 20.73abc 4.03 
2000 Medium 21.37abc 3.41 
1990 Medium 21.39abcd 3.70 
1960 Medium 21.52abcde 4.81 
2000 Large 22.65abcde 3.67 
1970 Large 22.95abcde 4.44 
1980 Large 23.22abcde 4.59 
1930 Medium 23.52abcde 5.56 
1990 Large 23.63abcde 3.84 
2010 Medium 24.08bde 3.93 
1950 Large 24.63bcde 5.05 
1950 Medium 25.71be 4.65 
1940 Medium 25.86bde 5.67 
2010 Large 26.05be 4.29 
1930 Small 26.28bcde 6.86 
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7.3.2 NTR and FTSW 
No significant difference (p>0.05) in the average transpiration rate between leaf size was found. There 
was a significant difference (p<0.05) in the average transpiration rate between the decade of cultivar 
release. Over the decades, the average transpiration rate increased from 1920 (705.89) to 1940 
(1077.97) (Figure 7.2) before a decrease to 1960 (769.53). There was a slight increase in the 1970s 
(786.08) but a decrease to 1980 (690.32). The average transpiration rate increased in 1990 (767.55) 
followed by a slight decrease in 2000 (742.90) and an increase in the 2010s (843.67). 
 
Figure 7.2 The average transpiration rates per decade of release for eighty white clover 
cultivars. The error bars are the standard error of the means. 
A consistent relationship was found between NTR and FTSW values for each cultivar (Figure 7.3a and 
7.3b). The pattern was similar to previous reports in other crops (Muchow, et al., 1991). The FTSW 
values ranged from 0.11 to 0.50, with an average of 0.29. On average, the NTR value was equivalent 
to well-watered plants until the FTSWc reached 0.29. The NTR value decreased linearly to 0 below an 
FTSW value of 0.29. Generally, there was no decrease in NTR until FTSW reached 0.7. The average 
number of days till the end of transpiration for the NTR was 9.95 and 14.48 for the FTSW.  
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Figure 7.3 The average daily normalised transpiration ratio (NTR) response to the fraction of 
transpirable soil water (FTSW) for two white clover cultivars, (a) Tribute, released in 
2000, and (b) Chieftain, released in 2000, that show contrasting FTSW thresholds. 
The FTSW threshold (FSTWc), where NTR begins to decrease, is shown. 
7.3.3 Stomatal closure 
Plateau regression was used to determine the FTSW value where the stomata permanently closed. The 
average FTSWc across the decades had an increasing trend from 1920 (0.23) to 1960 (0.38) (Figure 
7.4). There was a slight decrease in the 1970s (0.34) before it increased to 0.38 in the 1980s. From the 
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1980s to 2010, there is a general decreasing trend until 2010 (0.23). The trend in the decade of release 
and FTSWc had an r2 value of 0.81. The P-value of 0.016 associated with parameter b indicated that 
the FTSWc value significantly increased on average at a rate of 0.0329 (with a standard error of 0.013) 
per decade until 1960 (Table 7.6). Then, the P-value of 0.002 associated with parameter c indicated 
that the increasing trend changed significantly downwards after 1960. The P-value of 0.001 associated 
with the sum of parameters b + c, indicated that the FTSWc value significantly decreased on average 
at a rate of 0.0307 (with a standard error of 0.0089) per decade after 1960. There were statistical 
differences in FTSWc when the cultivars were grouped by decade and leaf size (Table 7.7). 
 
Figure 7.4 The average critical fraction of transpirable soil water threshold (FTSWc)  per 
decade of release for eighty white clover cultivars. The error bars are the standard 
error of the means. 
Table 7.6 The estimated linear spline trend: Inflection point =  a + b * Time + c * Time_2, 
estimates and standard error (SE) of estimates and significance levels (P-values) of the 
estimates. S indicates a statistically significant estimate at 5% significance level. 
Parameter Estimate SE P-value 
a 0.2311 0.0464 < 0.001  S 
b (= increasing rate per decade till 1960) 0.0329 0.0133 0.016     S 
c − 0.0199 0.002     S 
b + c (absolute value = decreasing rate per decade after 
1960)  − 0.0089 0.001     S 
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Table 7.7 The average FTSW critical threshold (FTSWc) for eighty white clover cultivars, 
clustered by leaf size and decade of release. Duncan’s lettering compared the dry 
weights for leaf size and decade of release and the groups without a common small 
letter are significantly different at the 5% level of probability. 
Decade of release and leaf size FTSWc average LSD0.05 
1930 Small 0.17a 0.23 
2010 Medium 0.23ab 0.15 
1920 Medium 0.23abc 0.22 
2010 Large 0.24abc 0.16 
1990 Medium 0.26abcd 0.13 
2000 Large 0.26abcde 0.14 
1940 Medium 0.28abcde 0.23 
2000 Medium 0.30abcde 0.13 
1960 Medium 0.30abcde 0.18 
1930 Medium 0.30abcde 0.20 
1990 Large 0.31abcde 0.15 
1970 Large 0.31abcde 0.17 
1950 Large 0.33abcde 0.23 
1950 Medium 0.35abcde 0.17 
1970 Medium 0.37acde 0.16 
1980 Medium 0.38ce 0.14 
1980 Large 0.40abcde 0.22 
 
There was a significant (p<0.001) difference between the ten cultivars with the highest and lowest 
FTSWc (Figure 7.5). The five cultivars with the lowest FTSW were AberHerald (0.12), Aquiles 
(0.13), Kent White (0.17), Goliath (0.17) and Chieftain (0.17). The five cultivars with the highest 
FTSW were Kotare (0.44), Bounty (0.47), Pitau (0.48), Sacramento (0.49) and Tribute (0.52). 
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Figure 7.5 The five highest and five lowest critical fraction of transpirable soil water (FTSWc) 
thresholds for eighty white clover cultivars. The cultivars with the highest FTSW 
threshold (Kotare, Bounty, Pitau, Sacramento and Tribute) are denoted in blue, while 
the cultivars with the lowest FTSW threshold (AberHerald, Aquiles, Kent White, 
Goliath and Chieftain) are denoted in orange. 
7.4 Discussion 
7.4.1 FTSW threshold 
The objective of this study was to evaluate the response of 80 white cultivars to drying soil. The 
results of this experiment are similar to previous reports. The transpiration rate in plant species has 
shown to be unaffected by drying soil until the FTSWc decreases to between approximately 0.25 to 
0.35 (Gholipoor, et al., 2013, Lecoeur, et al., 1996, Meyer, et al., 1981, Miller, 2000, Ray, et al., 1997, 
Ray, et al., 1998, Ritchie, 1973, Rosenthal, et al., 1987, Sinclair, et al., 1986). The dependency of NTR 
and FTSW is shown through similar patterns of the NTR-FTSW relationship. The fact that the average 
FTSW in 1920 was similar to the average FTSW in 2010 suggests that breeding efforts have not 
implicated the relationship. Regardless of the decade of the release of the cultivar, the response to 
drought is similar.  
White clover breeding in the 1900-1950s is documented most thoroughly in New Zealand compared to 
other countries such as Europe and the United States (Zeven, 1991). The large majority of the 
understanding of white clover genetics and diversity and the effect of selection techniques began in the 
mid-1960s and onwards (Williams, 1987, Williams, et al., 2007). Hoyos-Villegas, et al. (2019) 
showed that breeding progress of white clover cultivars could be divided into two eras; pre- and post-
1965. There were significant increases in white clover sward content and dry matter yield after 1965, 
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but not pre-1965. The results in this study were consistent with the results found by Hoyos-Villegas, et 
al. (2019) as the significant increase and decrease of FTSWc could be divided into the same two eras; 
pre- and-post 1965.  
Prior to 1965, the breeding decisions for white clover breeding programmes were based on increasing 
the performance of ecotypes and existing cultivars, and simple phenotypic selection. The breeding 
programmes and trials were performed across multiple regions and trial sites, and populations were 
selected for broad adaptation across a range of farming systems (Williams, et al., 2007). The breeding 
programmes relied on the variation that was present within countries and local environments, as there 
was little germplasm exchange between countries. Cultivars bred post-1965 utilized foreign 
germplasm and selection techniques such as recurrent phenotypic selection and wide hybridization 
(Ellis, et al., 1967, Williams, 2014). In the 1980s in New Zealand, a large and stable clover seed 
export market had been established. The cultivars that were exported were bred through a variety of 
techniques. Local ecotypes and local populations were utilized for adaptation to the target 
environment, and elite breeding populations were incorporated for a range of desirable traits. The 
populations were combined and evaluated through phenotypic selection methods (Caradus, et al., 
1998a). The introduction of mixed swards to evaluate populations and grazing animals as a selection 
pressure occurred after 1965 (Woodfield, et al., 1994). It is possible that the breeding objectives of 
production-based traits took priority and tied with the intensification of agriculture, reduced the 
drought tolerance of germplasm. 
Globally, germplasm exchange increased to widen the genetic base of populations in the later 1900s. 
Egan, et al. (2019a) and Egan, et al. (2019b) showed that in white and red clover, the introduction of 
foreign germplasm into the MFGC peaked in the 1970s and 1980s. By the 1980s, large-scale multi-
country breeding programmes were established (Williams, et al., 2007). It is estimated that exotic 
germplasm used since the mid-1960s has contributed ~$1 billion annually to the pastoral agricultural 
exports (Lancashire, 2006). The characterization of the germplasm and new methods of utilizing the 
foreign germplasm could be expected to increase the performance of white clover germplasm (Egan, 
et al., 2019a, Williams, et al., 2007).  
Although foreign germplasm has been utilized effectively worldwide (Rumball, et al., 1974), the 
world checklists of white clover cultivars show that the large majority of the cultivars with good 
tolerance to drought and heat were released before 1965. (Caradus, 1986, Caradus, et al., 1997b). The 
rankings could suggest that locally adapted germplasm has outperformed foreign germplasm for 
drought tolerance. However, germplasm collected from the Mediterranean has been used in breeding 
programmes to produce cultivars with increased winter-growth activity (Ayres, et al., 2007, Cooper, et 
al., 1997, Woodfield, et al., 2001b). 
Throughout the decades of breeding, different breeding goals have been the focus of breeding 
programmes. Caradus, et al. (1989a) summarised the breeding goals for each decade of white clover 
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breeding in New Zealand. The early programmes focussed on advancing ecotypes and existing 
cultivars. In comparison, the later breeding programmes focussed on whole plant production and the 
integration of different farm and grazing management practices. The only decade to focus specifically 
on physiological and morphological responses to environmental changes was the 1950s, where it is 
likely that drought tolerance was integrated into cultivars released. A focal breeding target in the 
1970s was on the production of white clover, and this benefited the increase in intensive farming in the 
1980-1990s. The 1990s had many studies that focussed on the relationship between fertilizer 
application and grazing regimes and resulted in economic benefit (O'Connor et al. 1989; Roberts et al. 
1992; Clark & Harris 1996). Selections for specific environments (Cooper, et al., 1993, Widdup, et al., 
1989) and farming systems (Van den Bosch, et al., 1986, Williams, et al., 1979) have added value to 
New Zealand and the overseas market.  
The lack of statistical significance difference between the average FTSW and the leaf size of cultivars 
suggests that all cultivars perform similarly under drought conditions. However, these results suggest 
that certain cultivars may be better utilized in certain environments and farming systems, i.e. short- 
and long-term droughts. Although the differences between all cultivars are not deemed statistically 
significant, the implications of a small difference in the NTR-FTSW relationship and FTSWc can be 
important knowledge for field conditions. 
A low FTSWc suggests that the cultivar can sustain normal transpiration for a longer period in soils 
with less available water implying that it would perform advantageously under short-period drought 
conditions, compared to cultivars with a high FTSW (Ray, et al., 1997). AberHerald had the lowest 
FTSWc of the eighty cultivars. AberHerald is a medium leaved cultivar originating from Wales, 
United Kingdom. It performs well in cold environments, ensuring good stolon survival over winter. 
Helgadóttir, et al. (2001) showed that AberHerald showed morphological adaptation to more marginal 
climates. AberHerald has good stolon survival and rapid stolon recovery after grazing (Rhodes, et al., 
1993). Other cultivars with a low FTSWc have high persistence under grazing (Charlton, et al., 1983, 
Widdup, et al., 2006). 
A high FTSWc proposes that the cultivar can perform better in long-period drought conditions as they 
conserve water stores by closing their stomata early (Ray, et al., 1997). Tribute had the highest 
FTSWc of the eighty cultivars. Tribute is a medium-leaved cultivar bred from germplasm from New 
Zealand and Europe. Tribute was initially bred through a breeding programme for increased drought 
tolerance in Australia. Woodfield, et al. (2003) noted that Tribute had good drought performance in 
the third year of a grazing trial in Canterbury. Tribute produces a greater number of stolons and stolon 
density than other cultivars of medium leaf size (Widdup, et al., 2011). 
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7.4.2 Drought tolerance in white clover 
This experiment gives an objective measurement of white clover cultivar transpiration rates and the 
critical FTSWc at which each cultivar begins to have permanent stomatal closure. This deepens the 
understanding of the expected response of cultivars to drought-like conditions.  
The effect of drought conditions on plant growth and morphology is variable in white clover and is 
dependent on the length and intensity of the drought, and the stage of plant growth. Vegetative 
development is more sensitive than reproductive development (Belaygue, et al., 1996). While white 
clover can experience an increase in viable florets per inflorescence (Bissuel-Belaygue, et al., 2002a) 
and nectar amount and quality (Bissuel-Belaygue, et al., 2002b), leaf expansion and stolon branching 
characteristics are reduced during the development of each leaf in response to drought (Belaygue, et 
al., 1996). Belaygue, et al. (1996) suggests that branching and leaf appearance on the main stem are, 
respectively, the most and least sensitive processes to drought conditions. However, transpiration is 
more sensitive than photosynthesis and reproductive development. Transpiration is reduced in relation 
to stomatal closure (Lacape, et al., 1998, Lecoeur, et al., 1996). Nonetheless, while a range of drought 
conditions can close stomata and reduce transpiration, net photosynthesis is kept at a maximum level 
(Wery, 2005).  
The breeding of the Trifolium ISH programme has created hybrids that have increased drought 
tolerance compared to white clover (Marshall, et al., 2001). T. ambiguum, T. uniflorum and T. 
occidentale are the related species that have been hybridized with white clover. The programme aims 
to integrate the drought-tolerant traits from the related species into white clover. Nichols, et al. (2014c) 
demonstrated that the T. repens x T. uniflorum ISH were more drought-resistant than white clover. The 
first generation BC1 had less of a decrease in stolon parameters and senescence than in BC2 hybrids 
and white clover. It was hypothesized that the compact growth form of the BC1 hybrids allowed 
increased allocation of dry matter to the roots under drought. In a similar study, Nichols, et al. (2013c) 
found that the net photosynthetic rate was decreased by up to 48% in BC2 hybrids and white clover, 
but there was no significant decrease for the BC1 hybrids. They concluded that due to the effects on 
stolon morphology, the BC1 hybrids might be able to maintain a higher water uptake through increased 
allocation to root biomass than white clover during drought conditions.  
7.4.3 Canopy wilting 
The underlying mechanisms of drought-tolerant phenotypes are many. Canopy wilting is one of the 
first signs of drought stress caused by soil water deficits (Kunert, et al., 2020). In soybean, the slow-
wilting phenotype was first reported in a Japanese landrace (Sloane, et al., 1990) and the development 
of slow-wilting genotypes has enabled selection for breeding (Sinclair, et al., 2010). The development 
of genotypes with delayed canopy wilting phenotypes have been studied thoroughly in soybean and in 
several plant introductions, and could lead to increased yield stability in drought conditions (Steketee, 
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et al., 2020). Simulations have suggested if the phenotype was bred into populations, yield in drought 
conditions could improve by >80% (Sinclair, et al., 2010). However, the physiological mechanisms 
controlling the slow-wilting phenotype remain uncertain. Failure to understand the mechanisms will 
constrain breeding efforts.  
Several traits appear to be involved in a drought-tolerant phenotype, including a large root system 
(Pantalone, et al., 1996) and constant transpiration rates under water vapour deficit (Fletcher, et al., 
2007). Hofmann, et al. (2000) suggested that white clover populations that have adapted to marginal 
climates have an increased ability to accumulate ortho-dihydroxylated flavonoids. The populations 
showed increased tolerance to UV-B radiation. Mechanisms involved in the slow-wilting phenotype 
may include the accumulation of minerals (Bellaloui, et al., 2013) and factors that affect transpiration, 
such as the distribution and expression of aquaporins (Fletcher, et al., 2007, Sinclair, et al., 2008). 
Furthermore, Ye, et al. (2020) compared two slow-wilting soybean accessions. Although both had 
limited-maximum transpiration rates, transpiration was sensitive to an aquaporin inhibitor, supporting 
the hypothesis that multiple water-conservation mechanisms are involved in the slow-wilting 
phenotype. They suggested that soybean genotypes with the slow-wilting phenotype restrict 
transpiration through decreased radiation use efficiency and improved water use efficiency. Sadok, et 
al. (2010) demonstrated that the slow-wilting phenotype exhibited a limited leaf hydraulic 
conductance for transpiration rate under high VPD, indicating that the symplastic pathway terminating 
in the guard cells of the leaves was involved in delaying wilting. In addition, Bagherzadi, et al. (2017) 
showed that the common mechanisms controlling plant water transport were not involved in the slow-
wilting trait and suggested that anatomical features associated with precise water transport 
characteristics could be involved. 
Recent studies have increased our understanding of the underlying genetic architecture of the slow-
wilting phenotype. QTL have been identified for canopy wilting (Abdel-Haleem, et al., 2012, Ye, et 
al., 2020) and it has been concluded that it is a polygenic trait (Charlson, et al., 2009). A recent study 
by Kaler, et al. (2017) has identified SNPs associated with canopy-wilting that are located within or 
close to genes with connections to transpiration or water transport. Devi, et al. (2015) analysed gene 
expression in the leaves of two slow-wilting accessions and showed that 944 genes were differentially 
expressed in one accession compared to the other. While more recently, Steketee, et al. (2020) used a 
GWAS to identify 45 marker-trait associations with canopy wilting and as a result, several new 
accessions were identified with the slow-wilting phenotype. Although the research into the slow-
wilting phenotype has primarily been performed in soybean, other crops, such as cowpea (Vigna 
unguiculata (L.) Walp) have utilized the phenotype to identify accessions with increased drought 
tolerance (Pungulani, 2014).  
The utilization of a slow-wilting phenotype in white clover could increase the performance under 
drought conditions. Although the cultivars in this study have been characterized by FTSWc under 
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drought conditions, germplasm exploration to identify accessions with a slow-wilting phenotype is 
needed to accelerate breeding efforts (Barbour, et al., 1996). 
7.4.4 Conclusions 
The results from this study highlight the variable rates of stomatal closure for eighty white clover 
cultivars. The relationship between NTR and FTSW is consistent for all cultivars, regardless of the 
decade of release. Cultivars that have a significantly higher or lower FTSWc have been identified and 
have deepened the knowledge of the cultivar response to drought conditions. The white clover ISH 
programme shows promise for increasing drought tolerance but further replicated trials are needed to 
assess performance. The increasing demand for cultivars to perform under extreme conditions in 
response to climate change requires more research into the genetic and phenotypic basis of drought 




Genome-wide association study of agronomic traits in white clover 
8.1 Introduction 
A white clover cultivar must be high performing in several agronomic traits to be successful. As 
mentioned in chapter 6, herbage yield in a sward is a critical breeding target. The amount of clover 
present in a sward, termed clover content, is vital as white clover grows in companionship with grass 
and must compete but remain balanced. Clover content affects the production of the grazing livestock, 
e.g. milk yield for dairy cows, and therefore affects farm profit (Harris, et al., 1997, Orr, et al., 1990). 
The improvement of seed traits such as seed yield and flowering characteristics are also important 
breeding objectives. There are differences between cultivars for seed traits, implying that there is 
genetic variability (Connolly, 1990, Williams, et al., 1998). 
Drought stress is one of the most limiting factors in white clover production. Breeding for increased 
drought tolerance is a highly desirable characteristic (Knowles, et al., 2003). However, drought 
tolerance is an extremely complex trait that takes many breeding cycles to develop an elite performing 
population. As discussed in chapter 7, measurements of NTR and FTSW can infer drought tolerance.  
Unlike drought tolerance, cyanogenesis, the production of hydrogen cyanide (HCN), is a simple trait. 
White clover is naturally polymorphic for cyanogenesis. The production of HCN acts as a plant 
defence response to herbivores (Dirzo, et al., 1982, Pederson, et al., 1998). However, this is often bred 
to null or low levels early-on in breeding programmes as high levels of HCN can be detrimental to 
animal health (Bishop, et al., 1969). The hydrolysis of cyanogenic glucosides generates HCN. Two 
genes control cyanogenesis; the Ac/ac allele controls the presence or absence of cyanogenic glucosides 
in the vacuoles of the leaf and stem tissue. The Li/li allele controls the presence or absence of 
linamarase in the cell wall. Linamarase influences the rate of enzymatic breakdown of the glucosides. 
The Li allele is located on a different chromosome to the glucoside locus. Both Ac and Li show 
incomplete dominance. Two non-functional alleles at either gene produce an acyanogenic phenotype 
(Hughes, 1991). 
Leaf size is a simple trait in white clover and is used to classify white clover cultivars; large, medium 
or small. The characteristics and production systems that the different leaf sized cultivars are used in 
are explained in chapter 2.2.4.  
Utilising molecular tools could increase the rate of genetic gain in white clover. However, the highly 
outcrossing and heterozygous nature of white clover has challenged the development of molecular 
tools. Early work in the advancement of white clover genetics began with the construction of linkage 
maps (Barrett, et al., 2004, Griffiths, et al., 2013, Jones, et al., 2003, Zhang, et al., 2007) and the 
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identification of QTL for seed yield traits (Barrett, et al., 2005, Barrett, et al., 2009), morphological 
traits such as petiole length and plant height (Cogan, et al., 2006), and forage yield (Jahufer, et al., 
2013b). Studies also focussed on the identifying genetic variation in white clover that could be utilised 
in breeding programmes (Gustine, et al., 2002, Jahufer, et al., 2008). Recent advances in genomics 
have accelerated breeding in forages (Bouton, 2010, Brummer, 2013). The identification of markers 
that are tightly linked to regions of the genome that control important agronomic traits could increase 
the genetic gain and speed of selection cycles. 
GWASs are a powerful method to detect genomic associations with traits of interest in unstructured 
populations (Sebastiani, et al., 2009, Song, et al., 2015). There is currently only one GWAS published 
in white clover (Inostroza, et al., 2018). GBS is a cost-effective, high-throughput, and increasingly 
popular method to discover SNPs (D’Agostino, et al., 2018, Huang, et al., 2014). GBS is suitable for 
species with large, diverse genomes and is useful for population studies, germplasm characterisation, 
breeding and mapping traits  (Elshire, et al., 2011). Studies have used GBS to generate large numbers 
of SNPs to investigate species diversity, genomic prediction and genome-wide association studies 
(GWAS) (Biazzi, et al., 2017, Han, et al., 2018, Li, et al., 2015, Sakiroglu, et al., 2017, Sonah, et al., 
2015). GBS produces adequate genome-wide markers to support GWAS. SNPs are a popular choice of 
marker to integrate into breeding programmes due to their low cost, and high abundance and high 
polymorphism rate throughout the genome (Acquaah, 2012). Recent developments in SNP markers in 
alfalfa (Medicago sativa) have been successful (Biazzi, et al., 2017, Sakiroglu, et al., 2017).  
The objectives of this chapter were to use GBS SNP markers to (i) determine the population structure 
of the white clover Genetic Gain panel, and (ii) identify genomic regions controlling the traits of yield, 
clover content, seed yield, flowering duration, the peak number of flowers, leaf size, seed per head, 
leaf marking, cyanogenesis, normalised transpiration rate and the fraction of transpirable soil water. 
8.2 Material and Methods 
8.2.1 Plant material and phenotyping 
The plant material was the same 80 cultivars as used in chapter 7. The same trial was used to collect 
the phenotypic data of dry matter yield, clover content, seed yield, flowering duration, the peak 
number of flowers, leaf size and seed per head. Hoyos-Villegas, et al. (2019) published the dry matter 
yield and clover content phenotypic data used in this GWAS. Briefly, the trials were planted in three 
locations (Canterbury, Manawatu and Waikato) in September 2014 and evaluations were performed 
until September 2017. One site (Manawatu) had to be replanted in autumn 2015 but remained grown 
for 3 years until September 2018. The trials were grazed under different grazing managements by 
sheep, dairy cattle and beef cattle as characterised by the region. Every season, measurements were 
taken every 4 to 6 weeks before grazing and biomass harvests were collected once, apart from spring 
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where two collections were collected. The R package lme4 generated the BLUPs, using a mixed model 
to account for random effects. 
All 80 white clover cultivars were tested for a cyanogenic phenotype. The picric acid test determined 
the presence of hydrogen cyanide (Nowosad, et al., 1940). One leaflet from each cultivar was placed 
in an Eppendorf with filter paper in the lid. 10L of picric acid was added to the filter paper, and 10L 
of toluene was added to each tube. The tubes were incubated at 37˚C for two hours. For each 
cyanogenic plant, a scale of intensity (1-4) was used; 1 as the least intense and 4 as the most intense.  
Leaf marking characteristics were described as in (Tashiro, et al., 2010). The NTR and FTSW values 
calculated in chapter 7 were used to test for associations. 
8.2.2 Genetic markers 
DNA preparation and genotyping 
The DNA extraction followed the protocol as described in Anderson, et al. (2018). GBS was 
performed as described by Elshire, et al. (2011) using the enzyme ApeK1. The initial sequencing 
effort of 80 samples with 5 replicates were sequenced on the Illumina Hiseq instrument compiled in 6 
lanes. 1.2 billion reads were produced of 100bp; approximately 200 million reads per lane. 
SNP calling and filtering 
Raw reads were first demultiplexed using the GBSX program (Herten, et al., 2015). The Burrows-
Wheel Aligner (Li, et al., 2009) was used to map the demultiplexed reads against the white clover 
reference genome. ‘ref_map.pl’ in the stacks pipeline version v 1.47 (Catchen, et al., 2013) was used 
with the parameters; minimum number of raw reads required to form a stack/putative allele (m) = 
3, number of mismatches allowed between stacks/putative alleles to merge them into a putative locus 
(M) = 3, and number of mismatches allowed between stacks/putative loci during the construction of 
the catalogue (n) = 3. The stacks pipeline initially generated 234,367 SNPs. vcftools was used to filter 
the SNPs (Danecek, et al., 2011). The SNPs were filtered for a MAF <5%, markers with >80% 
missing data and a depth of <5 and >300. SNPs were not filtered for HWE as the panel was not a 
single population. The final set of SNPs contained a total of 69,202 SNPs. 
8.2.3 Statistical analyses 
Linear mixed models 
The BLUPs for seed yield, flowering duration, the peak number of flowers, leaf size and seed per head 
were generated using the same methodology as for the yield and content BLUPs in Hoyos-Villegas, et 
al. (2019). The BLUPs were estimated by using the R package lme4, using a mixed model to account 
for random effects. 
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Analysis of variance 
The cyanogenesis data were analysed using ANOVA in GenStat 18th edition (VSN-International, 
2019). The mean, least significant difference (LSD) and F pr value were used as a test of significance. 
The replicate was used as the block and the plant cultivar used as the treatment. Data were normalised 
by log transformation in Minitab (Minitab, 2006). 
Principal component analysis 
The same methodology was used as in chapter 6. 
8.2.4 Population structure and linkage disequilibrium 
Linkage disequilibrium is defined as the non-random association of alleles at two or more loci 
(Slatkin, 2008). The estimation of LD in biallelic markers can be through the coefficient of correlation 
(r2) (Kimura, et al., 1971). LD decay occurs because the LD between the loci and gene decays from 
recombination. The same methodology was used in chapter 6. 
8.2.5 Genome-wide association analysis 
The same methodology was used in this GWAS, as was used in chapter 6. However, the false 
discovery rate (FDR) was also used for multiple testing (Benjamini, et al., 1995). The R package, 
qvalue, was used to account for false positives by using FDR statistics (Dabney, 2010). The FDR was 
calculated by the formula (Benjamini, et al., 1995): 
𝐹𝐷𝑅 = 𝐄 [
𝑉
𝑅 ∨  1
] = 𝐄 [
𝑉
𝑅
|𝑅 > 0]  𝐏(𝑅 > 0) 
where, V is the number of type 1 errors, and R is the number of rejected hypotheses. 
8.3 Results 
8.3.1 Genetic markers 
A total of 69,202 SNPs were present after filtering. The mean and minimum co-call rate for sample 
pairs was 0.70 and 0.45, respectively. The mean sample depth was 40.05, and the mean call rate was 








Figure 8.2 Finplot of the 69,202 filtered SNPs in the 80 white clover cultivars. The Hardy-
Weinberg disequilibrium is plotted against the minor allele frequency (MAF) and 
shaded by the SNP depth. 
8.3.2 Phenotypic data 
ANOVA of the HCN scores showed a significant difference (p<0.01) within the panel (Figure 8.3). 
The HCN scores of the cultivars ranged from 0-4. The mean of the panel was 1.39 and had an LSD0.05 
of 0.79. When tested against the decade of release, the differences were significant (p<0.05). 





Figure 8.3 The mean HCN scores for 80 white clover cultivars. The LSD value was 0.8221. The 
error bar (0.4188) is the standard error of the mean. 
The PC analysis of the 21 traits indicated that PC1, PC2 and PC3 explain 32.08%, 25.75% and 12.80% 
of the total variance, respectively. The PC analysis of dry matter yield, content, seed yield, flowering 
duration, the peak number of flowers, leaf size, seed per head, inflection point, HCN and leaf marking 
BLUPs generated a biplot (Figure 8.4) and a scree plot (Figure 8.5). Directional vectors indicate the 
correlation among the traits in the biplot. Symbols indicate the genotypes. PC1, PC2 and PC3 
explained 35.27%, 28.70% and 14.20%, respectively, of the total variation. The biplot showed a 
positive association (angles between the directional vectors are less than 90 degrees) content, dry 
matter yield, seed per head, leaf size, HCN, inflection point, leaf marking and flowering duration. 
Positive associations were also found between seed yield and peak number of flowers. Negative 
associations were found between peak number of flowers and content, dry matter yield, seed per head, 
HCN, inflection point and leaf size. When clustered by country of origin and decade of release, there 
are no strong clustering patterns. The cultivars released in the 2000 and 2010 decades are clustering 
have a weak cluster (Figure 8.6). 
 132 
 
Figure 8.4 Biplot generated using standardised best linear unbiased predictor (BLUP)-adjusted 
means for seven traits measured from 80 white clover cultivars. PC1 accounted for 
35.27% and PC2 28.70% of the total variation present. The traits are indicated by the 
directional vectors: dry matter yield (Y), content (C), seed yield (SY), flowering 
duration (FD), the peak number of flowers (PF), leaf size (LS), cyanogenesis (HCN) 




Figure 8.5 Scree plot generated using standardised best linear unbiased predictor (BLUP)-
adjusted means for seven traits, dry matter yield, content, seed yield, flowering 
duration, the peak number of flowers, leaf size, cyanogenesis and seed per head 









Figure 8.6 Biplot generated using standardised best linear unbiased predictor (BLUP)-adjusted 
means for seven traits measured from 80 white clover cultivars clustered by the 
decade of release. PC1 accounted for 35.27% and PC2 28.70% of the total variation 
present. The traits are indicated by the directional vectors: dry matter yield (Y), 
content (C), seed yield (SY), flowering duration (FD), the peak number of flowers 
(PF), leaf size (LS), cyanogenesis (HCN) and seed per head (SH). 
Principal component analysis of the NTR and FTSW values showed that PC1, PC2 and PC3 explained 
49.55%, 15.68% and 14.19% of the total variation, respectively (Figure 8.7 and Figure 8.8). Positive 
associations were found between all the FTSW days and NTR day 9. Positive associations were also 
found between FTSW days 3 and 5 and NTR days 5, 7 and 9. Seed yield, flowering duration, peak 
number of flowers, FTSW3, FTSW5, FTSW9, FTSW11, FTSW13, NTR3, NTR5, NTR7, NTR9 and 
FTSWc were significantly (p<0.05) associated with PC1 (Table 8.1). Dry matter yield, content, peak 
number of flowers, leaf size, seed per head, HCN, leaf marking, FTSW5, FTSW7, FTSW9, FTSW11, 
FTSW13, NTR3, NTR5, NTR7, NTR9 and FTSWc were significantly associated with PC2. There 
were no clear clustering patterns when grouped by the decade of release and country of origin. 
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Table 8.1 Correlation coefficients (P) and probabilities (r) for 21 traits for 80 white clover 
cultivars linked to the first two principal components (PCs). The means of the traits 
were regressed against the scores of PC1 and PC2. 
  PC1  PC2 
Trait description P r  P r 
Dry matter yield 0.958 0.006  0.001 0.9094 
Content 0.678 -0.0472  0.001 0.8974 
Seed yield 0.001 0.8404  0.908 0.0132 
Flowering duration 0.001 0.8719  0.236 0.1341 
Peak number of flowers 0.001 0.7255  0.001 -0.4126 
Leaf size (mm) 0.096 0.1875  0.001 0.6835 
Seed per head (g) 0.581 0.0626  0.001 0.4165 
HCN 0.902 -0.014  0.034 0.2367 
Leaf marking 0.965 -0.0049  0.049 0.2204 
FTSW day 3 0.001 0.8861  0.092 0.1894 
FTSW day 5 0.001 0.9093  0.022 0.2567 
FTSW day 7 0.001 0.9134  0.005 0.3143 
FTSW day 9 0.001 0.8896  0.007 0.2985 
FTSW day 11 0.001 0.8872  0.003 0.3267 
FTSW day 13 0.001 0.7072  0.001 0.4484 
NTR day 1 0.454 0.0849  0.07 -0.2038 
NTR day 3 0.001 -0.4481  0.001 0.4605 
NTR day 5 0.001 0.5738  0.001 -0.5224 
NTR day 7 0.001 0.5439  0.001 -0.6521 
NTR day 9 0.001 0.7522  0.001 -0.3705 




Figure 8.7 Biplot generated using standardised, normalised transpiration rate (NTR) and 
fraction of transpirable soil water (FTSW) values measured from 80 white clover 
cultivars. PC1 accounted for 49.55% and PC2 15.68% of the total variation present. 
The traits are indicated by the directional vectors: NTR day 1 (NTR1), NTR day 3 
(NTR3), NTR day 5 (NTR5), NTR day 7 (NTR7), NTR day 9 (NTR9), FTSW day 3 
(FTSW3), FTSW day 5 (FTSW5), FTSW day 7 (FTSW7), FTSW day 9 (FTSW9), 





Figure 8.8 Scree plot generated using standardised, normalised transpiration rate (NTR) and 
fraction of transpirable soil water (FTSW) values from 80 white clover cultivars. 
The estimates of correlations calculated for 21 phenotypic traits are visualised in Figure 8.9. There 
were both positive and negative correlations among traits. The strongest correlation (0.9421) was 
found among FTSW5 and FTSW7. However, strong correlations existed among FTSW3, FTSW5, 
FTSW7 and FTSW9. The weakest correlation (-0.565) was among NTR3 and NTR5. Weak 
correlations were also between FTSW3, FTSW5, FTSW7, FTSW9, FTSW11, FTSW13 and peak 




Figure 8.9 Correlation heatmap and correlation r values among the phenotypic traits of content 
(C), FTSW3, FTSW5, FTSW7, FTSW9, FTSW11, FTSW13, FTSWc, flowering 
duration (FD), HCN, leaf marking (LM), leaf size (LS), NTR1, NTR3, NTR5, NTR7 
NTR9, peak number of flowers (PF), seed yield (SY), seed per head (SH) and dry 
matter yield (Y) for 80 white clover cultivars. The colours represent the correlation, 
with red being more positive and blue being more negative.  





8.3.3 Population structure and linkage disequilibrium 
To avoid identifying false associations and correct the GWAS analysis for the presence of population 
structure, the population structure of the panel was analysed. fastStructure inferred that the optimal 
number of subpopulations (k) was 1 when simulated for 1-8 subpopulations. ADMIXTURE confirmed 
that the lowest cross-validation error was for a subpopulation of k=1 (Figure 8.10). A neighbour-
joining cladogram showed that the cultivars clustered in 3 groups; 71 cultivars in cluster 1 (black 
cluster Figure 8.11), 3 cultivars in cluster 2 (yellow cluster Figure 8.11) and 6 cultivars in cluster 3 
(pink cluster Figure 8.11).
 
Figure 8.10 The number of subpopulations (1-8) simulated for the 80 white clover cultivars in 
the diversity panel used in this study. The cross-validation error is on the y-axis, and 




Figure 8.11 The neighbour-joining cladogram of the 80 white clover cultivars in the diversity 
panel used in this study. Clusters 1, 2 and 3 refers to the different clusters identified.  
Cluster 2 (Figure 8.11) contained three cultivars, Irrigation (1930), AberHerald (1990), and 
AberConcord (2000). The three cultivars were all medium-leaved, and the germplasm associated with 
these cultivars had been collected from locations that had arid conditions. Both AberConcord and 
AberHerald were bred by the same company, suggesting similar germplasm was used for breeding 
both cultivars. However, another cultivar in the panel, AberDance, was bred by the same company as 
AberConcord and AberHerald but was in a different cluster. AberHerald and AberConcord are bred 
for high performance under sheep and cattle rotational grazing and are suitable for cutting. 
Cluster 3 (Figure 8.11) contained six cultivars; Crau (1960), Olwen (1970), Aran (1980), Kotare 
(2000), Kakariki (2010) and ABM21252 (2010). All the cultivars were large-leaved apart from Crau. 
However, Crau is often listed as a large-leaved cultivar (Campbell, et al., 1994, Caradus, 1986, 
 141 
Caradus, et al., 1997b). The germplasm from Aran, Crau and Olwen originated from France. 
Specifically, the germplasm from Crau and Olwen originate from southwest France. Aran and Kotare 
clustered on the same branch. Kotare is considered the natural replacement of Aran. Both cultivars are 
not tolerant of grazing and are more commonly used for cutting for hay and silage. Crau, Olwen and 
Aran have moderate-high levels of HCN. Crau, Kakariki and Olwen are similar in morphological 
traits, particularly for stolon density (Davies, et al., 1992). 
The majority of the cultivars (71) clustered in cluster 1 (Figure 8.11). The cluster contained cultivars 
that have small, medium and large leaf sizes and originate from New Zealand, USA, Israel, Australia, 
The Netherlands, Uruguay, Argentina, Poland, France, UK, Denmark, Germany, Czech, Sweden, 
Belgium, Ireland and Romania. One sub-cluster within cluster 1 contained two divergent groups. The 
first group contained Dutch White, Tribute, Emerald, Crusader, Trophy, Saracen and Dairy D. All 
these cultivars are medium-leaved and are from the 2000 and 2010 decades. However, Dutch White 
was separating from the rest of the group. Dutch White was the only cultivar in the panel that was 
from the 1920s decade. The second cluster contained Siral, Super Ladino, Waverly, Super Haifa, 
Haifa and Jumbo. All six cultivars had a country of origin with dry, arid conditions. Siral, Super 
Ladino, Waverly and Super Haifa originate from Australia, and Haifa originates from Israel. Jumbo 
originates from the USA, but is described as having excellent heat tolerance (Caradus, et al., 1997b).  
The cultivars Ladino Gitante Lodigiano, California Ladino, Sacramento, Regal, Tillman Ⅱ, Regal 
Graze and Crescendo Ladino, formed a sub-cluster within cluster 1. These cultivars are all listed as 
large-leaved cultivars. In a similar clustering pattern, S184 and Kent White clustered on the same 
branch. Kent White was the only small-leaved cultivar in the panel while S184 is often described as 
small-medium leaved. Leaf size could be a factor influencing the clustering patterns. 
The cultivar Le Bons was separated from the major sub-clusters. The parental cultivars of Le Bons 
include Irrigation, Ross and Pitau (Caradus, et al., 1997b). However, the parental cultivars were not in 
the same cluster as Le Bons. Caradus, et al. (1997b) states that up to 5% of the leaves could be 
multifoliate. The multifoliate nature could be separating the cultivar from the other clusters. In a 
similar pattern, Chieftain was clustering separately in a different sub-cluster. Chieftain was the only 
recent cultivar from Denmark. 
Mainstay, Barblanca and Kopu Ⅱ clustered in the same group. Barblanca and Kopu Ⅱ were the 
parental cultivars of Mainstay (Crush, et al., 2015). Mainstay and Barblanca were clustered on the 
same branch. As explained in chapter 6, the Mainstay population was diverged by either a Barblanca- 
or Kopu Ⅱ-type phenotype. As Mainstay and Barblanca clustered together, it could suggest that the 
Barblanca phenotype was more desirable for the population when developing the Mainstay 
populations. Within the same cluster, Kopu Ⅱ, Barblanca, Mainstay and Legacy clustered together and 
are cultivars that are described as high yield cultivars (Chapman, et al., 2017, Ford, et al., 2015, 
Woodfield, et al., 2001b, Woodfield, et al., 2006).  
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Tribla and Merwi clustered on the same branch in cluster 1 and were the only two cultivars in the 
panel that originated from Belgium. Meanwhile, Weka clustered separately from the major sub-
clusters. Weka was originally bred to replace Sustain, which is in the same larger cluster, although it 
has outperformed Sustain in yield (Agriseeds, 2009). Weka is high-performing and has high total yield 
across all seasons and all grazing systems (Caradus, et al., 1996b). 
Analysis of LD decay across all genotypes was based on a total of 69,202 SNPs. The average LD 
decay for the entire genome was estimated at 150bp at r2=0.2. There was no significant difference 
(p>0.05) in the rate of LD decay between large and medium leaf sizes. 
8.3.4 GWAS of phenotypic traits 
Associations were tested between 69,202 SNPs and each trait. The results of GWAS are summarised 
by Manhattan plots reported for traits in Figure 8.12. The QQ plot results in Figure 8.13 indicated that 
population stratification was adequately controlled. The majority of the QQ plots do not deviate from 
the expected chi-squared value, apart from the tail area. The FDR adjusted p-values determined a 
significant (p<0.05) signal for cyanogenesis (Figure 8.14a and 8.14b). The signal peaked at the SNP 
5_45340519, which is located on chromosome 5 at position 45340519. This SNP had a MAF of 0.12. 
There has been no gene annotation for this SNP. However, when the marker was tested against SNP 
dosage for significance, it was not significant. No significant marker-trait associations were found for 
yield, clover content, seed yield, flowering duration, the peak number of flowers, leaf size, seed per 
head, leaf marking, normalised transpiration rate and the fraction of transpirable soil water. 
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Figure 8.12 Manhattan plots for the phenotypic traits with no significant associations: (a) clover 
content, (b) flowering duration, (c) leaf marking, (d) leaf size, (e) peak number of 




Figure 8.13 Quantile-quantile (QQ) plots for the phenotypic traits with no significant 
associations: (a) clover content, (b) flowering duration, (c) leaf marking, (d) leaf size, 
(e) peak number of flowers, (f) grams of seed per head, (g) seed yield, and (h) yield. 
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Figure 8.14 Quantile-quantile (QQ) (a) and Manhattan plot (b) for the significant marker-trait 
association of cyanogenesis. The red dashed line indicates the significance threshold. 
8.4 Discussion 
8.4.1 Population structure and linkage disequilibrium 
The effects of population structure are a frequent concern in GWAS studies. Accounting for 
population structure is essential in mitigating false-positive associations. Ancestry differences and 
cryptic relatedness are the two types of relatedness that can produce false positives (Sul, et al., 2018).  
White clover is a highly outcrossing species, with a rapid mutation rate, that is dependent on genetic 
drift and new variation. Although only one subpopulation was identified, Figure 8.11 suggests that if 
we had more genotypes, there could be three possible clusters. The country of origin of the germplasm 
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and leaf size is a clustering pattern for cluster 3 in Figure 8.11. All cultivars within the cluster are 
large-leaved, and cultivars within the cluster are clustering together based on the country of origin of 
the germplasm. Pedigree analysis of white (Egan, et al., 2019a) and red clover (Egan, et al., 2019b) 
showed that the accessions clustered together based on country of origin. Furthermore, the influential 
accessions had a strong influence over the population structure due to the country of origin. 
However, the clustering patterns in Figure 8.11 suggest that the between-population variation was low. 
The low rate of between-population variation is well acknowledged. Population genetics studies in 
white clover have shown that a large percentage (70-90%) of total genetic variability was explained by 
within-population variation (Annicchiarico, et al., 2014, Collins, et al., 2002, George, et al., 2006, 
Gustine, et al., 2001, Olsen, et al., 2007). Collins, et al. (2012) investigated population genetic 
diversity and structure in white clover. There were no consistent changes in average genetic diversity 
between populations. The identification of only one subpopulation supports studies that identify low 
levels of between-population in white clover. Studies have found no significant genetic differentiation 
in global white clover collections, including natural populations and cultivars (George, et al., 2006, 
Olsen, et al., 2007).  
White clover has only been subject to breeding and selection since the early 1900s. Natural 
populations of white clover are self-incompatible and heterozygous at many loci, ensuring high levels 
of variation throughout a population (Burdon, 1980, Phosphate, et al., 1962, Turkington, et al., 1979). 
The phenotypic plasticity of white clover is widely recognised (Caradus, 1994, Caradus, et al., 1993, 
Huber, et al., 2008, Hutchings, et al., 1997, Lotscher, et al., 1997, Welham, et al., 2002). The variation 
present in white clover ensures that populations are adaptable to a wide range of abiotic and biotic 
conditions, often within a single farm system. The methods of crossing used in white clover breeding 
programmes, such as polycrosses, are designed to keep a wide genetic base to retain heterozygous 
genetic combinations (Baker, et al., 1987). The high level of variation present in white clover 
populations is a challenge for genetics-based studies. New methodologies are needed to overcome the 
variation so genetics can help to advance white clover populations.  
Gage, et al. (2017) assessed the effect of selection on GxE variation and characterised polymorphisms 
associated with plasticity in maize. They found that regions of the genome that had been selected for 
in modern breeding programmes explained less variability for yield GxE than unselected regions. 
They hypothesised that the development of elite populations through breeding could have reduced the 
GxE of modern cultivars. The genomic positions associated with stability showed fewer associations 
and enrichment of variants, thought to be due to the control of plasticity by short-range regulatory 
elements. White clover could benefit from a similar study to determine phenotypic plasticity and 
quantitatively describe the effect of large, multi-environment trials on white clover populations. 
As explained in chapter 6, there are limited publications available on LD patterns and decay rate in 
white clover. However, a rapid rate of LD decay is common in outcrossing species (Brazauskas, et al., 
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2010, Inostroza, et al., 2018, Li, et al., 2014b, Sakiroglu, et al., 2012, Xing, et al., 2007). The rapid rate 
of LD decay suggests that there is a high rate of recombination, producing high levels of variation. 
However, the rate of LD decay in the Genetic Gain panel, and also the Mainstay panel in Chapter 6, 
are more rapid than any reported literature in an outcrossing forage species. There may be an artificial 
enhancement of LD decay due to approximately 20% of the scaffolds are in the wrong sub-genome. 
8.4.2 Genotype-phenotype associations 
Overall, the GWAS results confirmed the expected polygenic control of forage traits in white clover. 
The only SNP to pass the multiple testing threshold was for cyanogenesis. Sufficient phenotypic and 
genotypic variation was present to allow the signal to pass multiple testing. The highly polymorphic 
nature of cyanogenesis in white clover was identified in the early 1900s (Armstrong, et al., 1913, 
Ware, 1925). Cyanogenesis is a simple trait controlled by two genes, and wild populations are often 
polymorphic at both loci (Daday, 1954a). As cyanogenesis is controlled by two genes, the signal could 
still be detected in a small sample size. The ecological factors that favour cyanogenic and acyanogenic 
plants have been widely studied and are one of the most well-documented examples of an adaptive 
polymorphism in plants.  
It is not clearly understood what factors favour acyanogenic white clover types, but there is a higher 
frequency under cool growing conditions. Cyanogenesis could be deleterious in cooler climates as 
freezing would cause the cell to rupture and would result in HCN toxicity within the plant (Daday, 
1954a, Daday, 1954b). In cooler climates, there are fewer herbivore predators, so there is no advantage 
for a plant to have that chemical defence (Kakes, 1997). Daday (1965) concluded that cyanogenesis is 
correlated with increased physiological and morphological fitness in warmer climates. Both loci are 
associated with polymorphisms for polygenic physiological and morphological traits (Olsen, et al., 
2007). The wide range of countries of origin, and associated climates, of the cultivars in the GWAS 
panel aided in providing enough phenotypic diversity and a subsequent genomic shift in the panel, 
causing a significant signal to be detected.  
All the traits analysed in this chapter, apart from cyanogenesis and leaf size, are described as complex 
traits. The two possibilities of complex traits are that (i) the trait is controlled by many rare variants, 
having a large joint effect on the phenotype, or, (ii) many common variants that have a small joint 
effect on the phenotype. Many traits in outcrossing species are polygenic. No significant signals on the 
other traits were likely detected because the panel was underpowered by genotypes. When variants are 
at low frequency or have a small effect size, the considerations of genetic heterogeneity, mutations at 
two or more loci that produce similar phenotypes (Holland, 2007), and sample size are needed to 
increase the power of a GWAS to detect significant associations. In complex traits, different 
environments may influence different variants that control a trait. The multi-location environment of 
this trial is needed to assess the agronomic performance of the cultivars. But, the genetic heterogeneity 
will reduce the power to detect the association because the correlation between the phenotype and the 
 148 
variant is weakened (Korte, et al., 2013). Ultimately, only one GWAS signal was found in this panel 
due to the small sample size. 
Future directions 
GWAS continues to be one of the most popular tools of choice for QTL and gene discovery. However, 
improvements in techniques are allowing more precise and reproducible discoveries. New 
technologies will provide more detailed phenotypic and genotypic data and could enhance the 
potential of results. New computational methods are the most prominent advancement of GWAS. The 
improvements include multi-locus and multi-trait analysis and joint linkage association mapping. 
Turley, et al. (2018) proposed a method termed Multi-Trait Analysis of GWAS, which can handle 
multiple traits and rapidly estimates trait-specific effects for individual SNPs. Meta-analyses, often 
referred to as power analyses, are becoming commonplace in the ‘post GWAS era’. Often, datasets 
that were produced in earlier GWASs are utilised to increase the power to identify causal SNPs. 
GWAS meta-analyses have two primary objectives: (i) discover new marker-traits associations, and 
(ii) replicate analyses to confirm marker-trait associations (Gupta, et al., 2019). However, new 
phenotyping technologies are aiding in dissecting complex traits. High-throughput phenotyping 
technologies including visible imaging, thermal infrared imaging and 3D imaging, allow increased 
volume and complexity of data to be collected to understand complex quantitative traits (Du, et al., 
2018, Li, et al., 2014a, Yendrek, et al., 2017). The phenotype data collected from the high-throughput 
phenotyping technologies can be included in GWAS analysis. 
8.5 Conclusions 
• The population structure of k =1 emphasises that interpopulation variation in white clover is 
lower than intrapopulation, as seen in chapter 6. Leaf size and country of origin are 
influencing the clustering patterns within the panel. 
• The rapid rate of LD decay is similar to literature with outcrossing forage species. However, 
the truncated location of 20% of the genome may be inflating the rate of decay. 
• A signal was identified for cyanogenesis. The signal was able to be identified in the small 
panel size as the trait is only controlled by two genes. However, the results from this chapter 
highlight the complex nature of agronomic traits in white clover. The inability to identify 





A key objective of this thesis was to investigate the variation within populations, and between 
cultivars and germplasm accessions of Trifolium species, using both parental and genomic data. 
Although the Trifolium genus is vital to agricultural systems worldwide, there has been minimal 
published research evaluating the diversity held within accessions (Jahufer, et al., 2013a). The key 
results of this thesis will have significant implications to pre-breeding decisions for Trifolium species. 
The model showing the key results of this thesis is displayed in Figure 9.1. 
An emerging issue with cultivated plant species worldwide is the reduction of variation within 
populations and the need to monitor and source new variation. Currently, the only published studies 
using pedigree analysis to estimate and dissect variation in Trifolium species are from this thesis 
(Egan, et al., 2019a, Egan, et al., 2019b, Egan, et al., 2020). Similarly, there is only one published 
study on a white clover genome-wide associations study (Inostroza, et al., 2018). 
The primary aim of this thesis was to evaluate variation within Trifolium species populations through 
both pedigree and genomic analysis. The results from the analysis produced several fundamental 
findings that will have significant implications for Trifolium breeding programmes in the future. 
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Figure 9.1 The model of the key results of the thesis. 
9.1.1 Pedigree analyses 
Pedigree analysis is a cost-effective, straightforward and valuable method to monitor variation in 
species. The creation of pedigree maps allows breeders to visualise the breeding that has occurred and 
the resulting patterns of breeding decisions. Pedigree maps are a method to detect breeding patterns in 
programmes and to inform decisions about the next selection cycle (Shaw, et al., 2014, Shaw, et al., 
2016). The development of the pedigree maps for Trifolium species showed breeding patterns that 
have occurred since the early 1900s. Surprisingly, no obvious bottlenecks were identified in any 
species. The pedigree map identified accessions that contributed large numbers of progeny, and they 
will be monitored for diversity in the future. The interactive nature of the pedigree maps allowed 
nodes of interest to be isolated and accessions to be traced back to founding accessions.  
The calculation of inbreeding and relatedness coefficients showed that there are high levels of 
diversity among all species. The low levels of inbreeding and relatedness through the Trifolium 
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species is encouraging as it is detrimental for Trifolium species to cross with closely related 
accessions. However, among the inbred plants, there were accessions which had high levels of 
inbreeding >10%. As high inbreeding levels are unfavourable to Trifolium species, these accessions 
will be monitored in future breeding programmes. Although, the high levels of inbreeding could 
indicate that the accessions have been involved in a lot of breeding activity, signifying that the 
accessions could have desirable phenotypic traits.  
Important accessions that influenced the population structure were identified by the derivation of 
kinship coefficients and subsequently identified influencing founders. The breeding pattern and history 
of the influential accessions could be traced back to significant founders. Over 70% of the founders 
identified in white clover could be attributed back to the Type 1 phenotype. The Type 1 phenotype is 
still desirable to modern cultivars and has influenced the population structure of the white clover 
accessions in the MFGC. In red clover, the influence of the important accessions could be attributed to 
the adaptation for the target environment in New Zealand. In the minor Trifolium species, some of the 
influence came from introductions from foreign countries. For some of the species, such as T. 
hybridum, which are often hybridised with white clover, accessions that originated from drought-prone 
areas of New Zealand, such as the Mackenzie country influenced the accessions. In T. ambiguum, the 
Australian cultivar ‘Monaro’ had a strong influence over the whole population structure. The 
productive nature of Monaro and the observed drought tolerance could be a reason as to why it is 
influencing the population. 
Although the MFGC has been successful in maintaining Trifolium collections with a broad base of 
variation, the level of variation must be maintained to support future breeding programmes. 
Germplasm collection trips will remain vital in introducing new variation into the collections and 
providing novel sources of variation to address new breeding targets. The identification of geographic 
origins that have influenced the population structure of Trifolium species could inform the MFGC on 
future germplasm collection trips, sampling strategies and the uniqueness of germplasm in relation to 
other global collections. 
The ultimate aim of the results from the pedigree analyses was to provide avenues to improve the rate 
of genetic gain and environmental adaptation in Trifolium species. A low rate of gain is widely 
acknowledged in Trifolium species (Hoyos-Villegas, et al., 2019, Riday, 2010, Tucak, et al., 2013, 
Woodfield, 1999, Woodfield, et al., 1994) and continual improvements of breeding methods and tools 
are needed for future studies. The information obtained from these studies will inform and could 
improve the efficiency of crosses, and design new breeding strategies utilising variation both within 
and among clusters. The information derived from the pedigree analysis will help improve domestic 
and global germplasm exchange efforts and utilisation at the MFGC. The characterisation of the 
germplasm will enable breeders to have increased efficiency for crosses and could ultimately shorten 
the length of the breeding programme. 
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9.1.2 Genomic analyses 
In recent decades, there has been a substantial increase in the amount of GWASs in animal and plant 
species (Visscher, et al., 2012, Visscher, et al., 2017). GWASs has become the first step in the genetic 
analysis and dissection of complex traits. The identification of a specific causal variant is possible with 
sufficient genotypes and power. A crucial aspect in attempting to increase the rate of genetic gain of 
white clover is the utilisation of genomic tools such as GWAS. Considering this, the lack of published 
studies on GWASs in white clover was surprising. Although there have been several studies 
identifying QTL for agronomic traits (Barrett, et al., 2005, Barrett, et al., 2009, Faville, et al., 2012, 
Isobe, et al., 2009, Williams, et al., 2007), there is only one study identifying marker-trait associations 
(Inostroza, et al., 2018). However, the results from this thesis showed the high levels of phenotypic 
and genotypic plasticity of white clover and could explain the lack of marker-trait associations. 
Two panels were analysed for important agronomic traits. The Mainstay panel was a single breeding 
population, and the Genetic Gain panel was a diversity panel with 80 commercial cultivars. The 
population structure of the Mainstay panel showed two subpopulations and would be likely attributed 
to the two parental cultivars, whereas the Genetic Gain panel showed no population structure. The 
minimal or lack of population structure in both panels reiterates the high levels of diversity that are 
present in white clover due to the mating system. The highly outcrossing mating systems produce 
populations that are highly variable, both within and between populations. The rapid rate of LD decay 
in both panels supports the high levels of variation. Rapid decay of LD is common in outcrossing 
forage species. White clover is a species that relies on new variation and genetic drift throughout a 
population. The outcrossing breeding system ensures that there is a broad genetic base and high 
recombination rate, resulting in a rapid rate of LD decay. 
The results confirmed that important agronomic traits in white clover have complex genetics and could 
explain the lack of published studies for GWASs in white clover. One marker-trait association was 
identified for the simple trait of cyanogenesis, showing that the SNP pipeline was successful. 
However, the complex agronomic traits are often of high importance to white clover breeding 
programmes. Increased numbers of genotypes are needed to increase the power of the study. 
9.2 Limitations 
The limitations of this research are summarised below: 
• The major constraint for the pedigree map construction and pedigree analysis was the quality 
of the records maintained. The pedigree records started in the early 1900s for some Trifolium 
species and the descriptive techniques of how breeders record the crosses have changed over 
time. The lack of recording of crosses meant that some germplasm could not be included in 
the analyses. 
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• A limitation in the analysis of the pedigree data was that the pedigree analysis software could 
only infer the data to have two parents. Often in forage breeding, techniques are used where 
there are more than two parents, i.e. polycrosses. Therefore, accessions with more than two 
parents had to be excluded from the analyses (Figures 3.1 and 4.1). 
• The Mainstay panel was from a single breeding population. Usually, GWASs are performed 
on diversity panels to ensure there is sufficient genotypic and phenotypic diversity. The lack 
of phenotypic and genotypic variation within the panel confirmed that there were no 
significant marker-trait associations. 
• Phenotypic variation is needed in a GWAS panel to signal a genomic shift. The scoring scale 
of phenotypes is significant when harbouring variation. If the scale on which phenotypic traits 
are scored do not have a large range, there may not be enough variation to reflect a significant 
phenotypic and genotypic shift. The stolon density measurements in the Mainstay panel were 
measured on a 1-5 scale, which may not have been diverse enough for this study. Future 
studies will utilise a scale of 1-9. 
• The main limitation in the Genetic Gain GWAS panel was the number of genotypes. Many of 
the traits analysed were complex and polygenic, and the variants could be at a low frequency 
or have a small effect size. An increased sample size would have increased the power of the 
study to detect associations.  
9.3 Future applications  
Based on this work, future research avenues are as follows: 
• Pedigree analysis on ryegrass accessions held at the MFGC. Ryegrass and white clover grow 
in companionship in a pastoral system. Like the Trifolium species, there is limited published 
research on evaluating the variation present in ryegrass collections (Casler, 1995). There is 
speculation that ryegrass has been through significant breeding bottlenecks and this is of 
concern to breeders. 
• The construction of complex pedigree maps and performing pedigree analysis in populations 
can provide genetic studies with substantial analytical power (Fradgley, et al., 2019). 
Pedigree-based approaches for mapping rare variants have advantages when compared to 
population-based methods. Rare variants are often shared by many relatives in a pedigree and 
will, therefore, be in abundance in the study, improving the power to identify and confirm 
causal variants. Studies could also be designed to focus on pedigree lineages that are elite or 
highly variable in certain traits (Vinson, et al., 2013). Sequencing key influential or important 
accessions in a pedigree could reveal loci controlling traits of interest (Ma, et al., 2019).  
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• The integration of pedigree analysis into GWAS studies is a method termed selection 
mapping. Selection mapping refers to methodologies that identify alleles, loci and epistatic 
interactions in populations that have been subject to cycles of selection (Wisser, et al., 2008). 
A selection mapping technique is often used when establishing the genetic diversity and 
relationships in a panel and to identify genomic regions associated with traits (Gutierrez-Gil, 
et al., 2014, Liu, et al., 2016, Shugart, et al., 2012, Soleimani, et al., 2002, Sud, et al., 2005, 
Zhou, et al., 2014).  
• Pedigree information has been used to track the inheritance of markers (Matsumoto, et al., 
2017). New marker-assisted breeding programmes have been developed that have come from 
gene and QTL discovery on breeding germplasm based on pedigree analysis termed pedigree-
based QTL mapping (Liu, et al., 2016).  The use of marker information on pedigrees increases 
the resolution of QTL discovery and helps to assemble germplasm panels to use in studies 
(Laurens, et al., 2018).  
• The improvement of software packages, especially for pedigree analysis, will allow for more 
accessible communication for germplasm exchange and may lead to an increase in utilisation 
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